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Desalination and water reclamation have become increasingly important means to meet 
the increasing water demands caused by continuous population growth and contamination 
of water sources.  However, current pressure-driven membrane processes such as 
nanofiltration (NF) and reverse osmosis (RO) generally require high applied pressure, 
which leads to high energy consumption and thus, high operational cost.  To reduce the 
cost of existing membrane technologies, an osmotic-driven membrane process: forward 
(direct) osmosis (FO), has been developed in recent years as a possible alternative for 
traditional membrane processes.  The FO process utilizes an osmotic pressure gradient 
generated by a highly concentrated solution (known as “draw” solution) to allow water to 
diffuse through a semi-permeable membrane from a saline feedwater, which has a 
relatively lower concentration.  Consequently, a less concentrated draw solution is being 
produced which may be further treated to extract freshwater.   
 
A laboratory-scale FO system was set up and used in the preliminary study to investigate 
into the effects of various experimental factors on the FO performance.  Two types of RO 
membranes and an FO membrane were tested using ammonium bicarbonate, sodium 
chloride, glucose and fructose as the draw solution to extract water from a saline feed 
solution.  The FO membrane was found to be able to achieve a higher water flux than the 
RO membranes under the same experimental conditions while maintaining high salt 
rejection of greater than 97%.  To investigate the effect of membrane orientation on water 




and reversely (dense selective layer facing feed solution).  Explanations on the transport 
phenomena in the FO process were proposed which elucidated the observation that the 
FO membrane, when used in the normal orientation, performed better due to less severe 
internal concentration polarization.   
 
Based on the transport phenomena in the FO process, the requirements for an ideal FO 
membrane were derived and the dense selective layers (i.e. with their support layers 
properly peeled off) of two types of RO membrane (denoted as CA and AD, respectively) 
were tested in the FO process.  Experimental results showed that the dense selective layer 
of the CA membrane could achieve a higher water flux than the other two membranes 
(i.e., the FO membrane and the dense selective layer of the AD membrane).  SEM images 
of the surfaces of the dense selective layers of both the CA and AD membranes indicated 
non-porous structures, which contributed to the high salt rejections.  Further attempts to 
fabricate a suitable new FO membrane were made with the purpose to develop a thin 
dense selective layer of membrane using cellulose acetate (CA) as the membrane material.  
New FO membranes made of different thickness and solvent evaporation time were 
tested in the FO process and experimental results showed a great improvement in the 
performance compared to the existing FO membrane and the dense selective layer of the 
CA membrane.  Moreover, it was found that the difference in the membrane fabricated 
thickness, the difference in the solvent evaporation time, and even the slight changes in 
the formula of casting solutions, would affect the fabricated membrane characteristics 





As for the newly developed low-pressurized FO process, experimental results showed 
that a higher applied hydrodynamic pressure as well as a higher co-current cross-flow 
flow rate led to better FO performance in terms of water flux.  With 20 psi applied 
pressure added to the feed side, the water flux achieved was consistently almost doubled 
the case when no pressure was applied, when other experimental conditions were 
maintained.   
 
In the study of using the FO process to reclaim brine, the byproduct of many desalination 
technologies, it was found that FO potentially could be used as an alternative to 
traditional disposal technologies due to its lower energy requirement.  In this study, the 
feasibility of concentrating brine by FO was investigated at laboratory scale.  Using the 
FO membrane or the dense selective layer of the CA membrane for concentrating brine in 
the FO process, water fluxes could almost be maintained at a relatively high level while 
keeping the draw solution concentration constant.  The highest recovery achieved after 18 
hours was about 76%, which greatly reduced the brine volume and would simplify the 
disposal process.  Moreover, white solids were found to be crystallized out on the feed 
container wall and on the surface of the heater, which indicated possible mineral recovery.   
 
Keywords: Forward Osmosis (FO), membrane structure, draw solute, transport 
phenomena, internal and external concentration polarizations, membrane fabrication, 






LIST OF TABLES 
 
   Pages 
Table 2.1 Overview of available desalination technologies ..............................................13 
Table 3.1 Details of flat sheet membranes tested...............................................................57 
Table 3.2 Conductivity and total dissolved solids (TDS) for samples of different 
concentration......................................................................................................................67 
Table 4.1 Thickness and contact angle of the dense selective layers of the CA and AD 
membranes, and the FO membrane, respectively (The thickness of the three membranes 
tested was achieved by measuring the corresponding portion of the cross section of the 
















LIST OF FIGURES 
 
Pages 
Figure 1.1 Structure of this Study ........................................................................................7 
Figure 2.1 Schematic representation of a membrane process for separation.....................10 
Figure 2.2 Selected separation processes used in water treatment and size ranges of 
various impurities found in raw waters..............................................................................11 
Figure 2.3 Schematic diagrams of the concepts of osmosis, pressure retarded osmosis and 
reverse osmosis ..................................................................................................................16 
Figure 2.4 Pressure-driven permeation of a one-component solution through a membrane 
according to solution-diffusion model ...............................................................................20 
Figure 2.5 Schematic representation of the steady-state concentration polarization 
phenomenon in a cross-flow membrane filtration unit depicting (a) the build-up of the 
polarized layer under the influence of axial flow and permeation drag, and (b) the 
accumulation of solutes near the membrane at any axial position of the filtration channel. 
(b) also shows the mechanical and osmotic (thermodynamic) pressures at different 
locations in the polarized layer ..........................................................................................23 
Figure 2.6 Schematic diagram of membrane fouling mechanisms....................................26 
Figure 2.7 Schematic diagram of the novel ammonia-carbon dioxide FO process ...........40 
Figure 3.1 Schematic diagram of the initial laboratory-scale FO system..........................52 
Figure 3.2 Schematic diagram of the improved laboratory-scale FO system....................54 




Figure 3.4 Solubility curves versus temperature for NaCl, NH4Cl, NH4HCO3, glucose and 
fructose...............................................................................................................................61 
Figure 3.5 Comparison of difference in osmotic pressure results calculated by Van’t Hoff 
Equation and StreamAnalyzer ...........................................................................................64 
Figure 3.6 Calibration curve of conductivity versus salt concentration for NaCl .............67 
Figure 4.1 Comparison of the water fluxes using three types of membranes under the 
normal orientations: FO, CA, and AD intact membranes  (Feed: 0.5M NaCl; Draw: 4M 
NH4HCO3; Co-current cross-flow rate: 1 L/min; Temperature: 50oC)..............................82 
Figure 4.2 Comparison of the water fluxes using three types of membranes under the 
reverse orientations: FO, CA, and AD intact membranes (Feed: 0.5M NaCl; Draw: 4M 
NH4HCO3; Co-current cross-flow rate: 1 L/min; Temperature: 50oC)..............................83 
Figure 4.3 Effects of using the FO membrane normally and reversely on the water flux 
(Feed: NaCl; Draw: NH4HCO3; Co-current cross-flow rate: 1 L/min; Temperature: 30oC)84 
Figure 4.4 Effects of concentration and temperature of feed and draw solutions on the 
water flux with the FO membrane tested normally (Feed: NaCl; Draw: NH4HCO3; Co-
current cross-flow rate: 1 L/min) .......................................................................................85 
Figure 4.5 Effects of different temperatures of feed and draw solutions on the water flux 
using FO membrane tested normally (Feed: Deionized water; Draw: 1M NaCl; Co-
current cross-flow rate: 1.5 L/min) ....................................................................................87 
Figure 4.6 Effects of co-current or counter-current flow on the water flux using FO 
membrane tested normally (Feed: Deionized water; Draw: 1M NaCl; Cross-flow rate: 1.5 
L/min) ................................................................................................................................89 
Figure 4.7 Effects of different flow rates on the water flux using FO membrane tested 




Co-current cross-flow) .......................................................................................................90 
Figure 4.8 Water flux obtained using FO membrane tested normally (Feed: 0.5M NaCl; 
Draw: 6M NH4Cl; Co-current cross-flow rate: 1.5L/min).................................................91 
Figure 4.9 Comparison of water flux using NH4HCO3, glucose or fructose as the draw 
solution for FO membrane tested normally (Feed solution: NaCl; Co-current cross-flow 
rate: 1.5 L/min; Temperature: 50oC)..................................................................................93 
Figure 4.10 Water fluxes using different feed and fructose concentrations with FO 
membrane tested normally. (Feed solution: NaCl; Co-current cross-flow rate: 1.5 L/min; 
Temperature: 50oC)............................................................................................................95 
Figure 4.11 Salt rejection versus water flux for the FO membrane...................................96 
Figure 4.12 SEM images of the cross section of the intact (a) CA membrane, (b) AD 
membrane, (c) FO membrane and (d) FO membrane at a higher resolution.  (1) is the 
dense selective layer and (2) is the support layer(s) ..........................................................97 
Figure 4.13 SEM images of (a) the surface and (b) the reverse side of the FO membrane99 
Figure 4.14 Transport phenomena in the FO process when using the FO membrane (a) 
normally (b) reversely......................................................................................................101 
Figure 4.15 Comparison of established external CP when using the FO membrane 
normally under similar experimental conditions with (a) co-current flow versus (b) 
counter-current flow.........................................................................................................104 
Figure 4.16 Comparison of the water flux using the FO membrane and the dense selective 
layer of the CA and AD membranes under the normal orientations (Feed: 0.5M NaCl; 
Draw: 5M fructose; Co-current cross-flow rate: 2 L/min; Temperature: 50oC)..............107 





Figure 4.18 SEM images of the (a) surface of the dense selective layer of the CA 
membrane; (b) reverse side of the dense selective layer of the CA membrane; (c) surface 
of the dense selective layer of the AD membrane; (d) reverse side of the dense selective 
layer of the AD membrane.  Reverse side referred to the side of membrane where the 
support layer was originally adhered. ..............................................................................109 
Figure 4.19 SEM images of the CA 100 and CA 100(2) membranes,showing a dense 
selective layer. (1) is the skin (2) is the porous backing of the membrane......................112 
Figure 4.20 Water fluxes using the fabricated CA membranes, the FO membrane and the 
dense selective layer of the CA RO membrane under their normal orientations (Feed: 
0.5M NaCl; Draw: 2.5M NH4HCO3; Co-current cross-flow rate: 1.2L/min; Temperature: 
30oC) ................................................................................................................................113 
Figure 4.21 Salt rejections of the fabricated CA membranes, the FO membrane and the 
dense selective layer of the CA RO membrane ...............................................................113 
Figure 4.22 Comparison of water fluxes under various applied pressure, using the FO 
membrane normally (Feed: 0.5M NaCl; Draw: 5M NaCl; Co-current cross-flow rate: 1 
L/min; Temperature: 30oC)..............................................................................................116 
Figure 4.23 Comparison of water fluxes with 10 psi applied pressure and various co-
current cross-flow rates, using the FO membrane normally (Feed: 0.5M NaCl; Draw: 5M 
NaCl; Temperature: 30oC) ...............................................................................................117 
Figure 4.24 Comparison of osmotic pressure difference changes versus time using the FO 
membrane while the draw concentration been maintained at a consistently high value 




Figure 4.25 Comparison of water flux changes versus time using the FO membrane while 
the draw concentration been maintained at a consistently high value (Feed: NaCl; Draw: 
fructose; Co-current cross-flow rate: 2 L/min; Temperature: 50oC)................................120 
Figure 4.26 Comparison of osmotic pressure difference and water fluxes changes using 
the FO membrane with or without the draw concentration been maintained at a 
consistently high value (Feed: 1M NaCl; Draw: 5M fructose; Co-current cross-flow rate: 
2 L/min; Temperature: 50oC)...........................................................................................121 
Figure 4.27  Comparison of osmotic pressure difference and water flux changes versus 
time using the dense selective layer of the CA membrane while the draw concentration 
been maintained at a consistently high value (Feed: NaCl; Draw: fructose; Co-current 
cross-flow rate: 2 L/min; Temperature: 50oC).................................................................122 
Figure 4.28 Recoveries for concentration of brine after 18 hours (Feed: NaCl; Draw: 























LIST OF PLATES 
 
Pages 
Plate 3.1 The initial laboratory-scale FO system ...............................................................52 
Plate 3.2 The improved laboratory-scale FO system .........................................................54 
Plate 3.3 The specially designed FO cell ...........................................................................55 
Plate 3.4 Detailed channels of the specially designed FO cell ..........................................55 
Plate 3.5 The RK control coater.........................................................................................59 
Plate 3.6 The panel of StreamAnalyzer 2.0 .......................................................................63 
Plate 3.7 Sample report of StreamAnalyzer 2.0.................................................................63 
Plate 3.8 Dionex ion chromatography system ...................................................................70 
Plate 3.9 Christ Alpha 1-2LD freeze drying machine........................................................70 
Plate 3.10 FEI Quanta 200F scanning electron microscope ..............................................71 
Plate 3.11 VCA-Optima surface analysis system ..............................................................72 














AD                           －                  Polyamide 
CA                           －                  Cellulose Acetate 
CP                            －                  Concentration Polarization 
DBP                         －                  Disinfection By-product 
ED                            －                  Electrodialysis 
FO                            －                  Forward Osmosis 
GFD                         －                  Gal⋅ft-2⋅d-1  
IC                             －                  Ion Chromatography 
M                              －                  Mol/L 
MED                        －                  Multi-effect Distillation 
MF                            －                 Microfiltration 
MSF                          －                 Multi-stage Flash Distillation 
NF                            －                  Nanofiltration 
OFL                          －                  Overfilled Launch     
ppm                          －                  Parts Per Million 
PRO                          －                  Pressure Retarded Osmosis 
RO                            －                  Reverse Osmosis 
SEM                         －                   Scanning Electron Microscope 
SOCs                        －                  Synthetic Organic Compounds  
UF                            －                  Ultrafiltration 




LIST OF SYMBOLS 
 
∆p                     －                  Applied Hydrodynamic Pressure 
∆pi                     －                  Osmotic Pressure Difference 
Ji                       －                  Flux of a Component i 
Li                      －                   Coefficient of Proportionality  
µ i                      －                   Chemical Gradient of Component i 
R                       －                  Gas Constant 
T                       －                  Temperature 
γ i                     －                  Activity Coefficient Linking Concentration with Activity 
ci                       －                  Molar Concentration (mol/L) of Component i 
vi                       －                  Molar Volume of Component i 
ℓ                        －                 Membrane Thickness                                            
Di                      －                 RTLi/ci, Fick’s Law Diffusion Coefficient          
Ki                      －                 γ io/γ io(m), Liquid Phase/Membrane Phase Sorption 
Coefficient for Component i 
A                       －                 DiKiciovi /ℓRT, Water Permeability Constant 
B                       －                 DiKi /ℓ, Salt Permeability Constant 
γ                        －                 Shear Rate 
y                        －                 Distance to Membrane Surface 




v(x)                    －                Local Permeate Flux in a Cross-flow Filtration Channel 
nb                       －                Number Concentration of the Solute Particles in the Bulk 
Solution 
nm                       －                Number Concentration of the Solute Particles in the 
Polarized Layer 
η                         －                Solvent Viscosity 
Rm                       －                Resistance of the Membrane to Solvent Flow 
RCP                     －                Resistance of the Polarized Layer to Solvent Flow 
Rm                       －               Membrane Resistance 
Ra                       －                Resistance Caused by Adsorption, Biofouling 
Rpb                      －                Resistance Caused by Pore Blocking 
Rc                       －                Resistance Caused by Cake Layer 
r                         －                Salt Rejection of a Membrane 
cp                        －                Salt (NaCl) Concentration at the Permeate Side 




                     －                Cl- Concentration at the Feed Side 
n                         －                Number of Ions Dissociated of One Salt Molecule 
pid                        －                Osmotic Pressure of Draw Solution 
pif                         －                Osmotic Pressure of Feed Solution 
R                         －                Recovery after the FO Process 
Vp                        －                Overall Volume of Permeate after the FO Process 
VF                        －                Initial Volume of Feed Solution 








Freshwater scarcity is a growing problem in many regions of the world.  Continued 
population growth, worsened contamination of both surface water and groundwater, 
uneven distributions of water sources and periodic droughts have forced many 
communities and countries in the world to search for new sources of water supply.  As a 
result, seawater or brackish water desalination and used water reclamation are becoming 
attractive methods to produce high quality water for both industrial and domestic usage.       
 
In desalination and water reclamation processes, membrane technologies, such as 
Reverse Osmosis (RO), have increasingly being adopted to produce freshwater from 
alternative water resources due to water scarcity.  Currently, RO is one of the most 
commonly used desalination technologies due to the availability of stable and good 
performance membranes, which are permeable to water but highly impermeable to salts, 
organic matters and other pollutants.  Moreover, RO has a relatively lower overall cost 
compared to traditional thermal processes, which make use of excessive thermal energy 
while achieving a low feed-water recovery (Reddy and Ghaffour, 2007).  In the RO 
process, a high applied pressure (300 to 500 psi) is used to force water from a region of 
high solute concentration to permeate through an RO membrane to a region of low solute 




concentration, with the solute being retained.  As a result, the requirement for the high 
applied pressure which leads to high energy consumption as well as the requirement for 
high strength equipments which can withstand the high applied pressure, leads to a high 
operational cost and makes RO significantly more expensive than conventional water 
treatment technologies (Fritzmann et al., 2007).  Moreover, limited recovery, typically 
35–50% for seawater (Van der Bruggen et al., 2003), is another drawback of RO.  The 
remaining salt solution, known as concentrated brine, has to be properly disposal of.  In 
the case of coastal areas, the brine may be disposed back to the sea.  However, for inland 
application, brine from brackish groundwater desalination cannot be disposed of inland in 
an economical manner, which is a critical environmental drawback of RO (Mohameda et 
al., 2005).        
 
Obviously, inexpensive and simpler methods are needed to make membrane technologies 
more competitive in freshwater production.  To reduce the cost of existing membrane 
technologies, it is prudent to focus on what makes current technologies expensive.   
Energy is indisputably the most significant contributor to the cost of desalination (Mesa 
et al., 1997).  Hence, reduction in energy usage is the primary objective to make 
membrane technologies more attractive.  
 
Recently, Forward (or Direct) Osmosis (FO), which is a natural process, has been 
developed as a possible alternative technology for desalination and water reclamation at a 
perceivably reduced cost.  The FO process utilizes an osmotic pressure gradient generated 
by a highly concentrated solution (known as “draw” solution) to allow water to diffuse 




through a semi-permeable membrane from a saline feedwater, which has a relatively 
lower concentration.  Consequently, a less concentrated draw solution is being produced 
which may be further treated to extract freshwater.  FO bears some analogy to RO in that 
in both processes, water transports through a semi-permeable membrane while salts are 
withheld by the membrane.  However, the driving force in the FO process is created 
naturally by the concentration differences between the feed and draw solutions across the 
membrane, which substitutes the high pressure that is required for the RO process.  
Therefore, lesser energy is required for the FO process as compared to the RO process.   
 
During the last four decades, several reports were published on the FO process.  The main 
focuses were on achieving a better flux performance and on the use of different types of 
chemicals, such as sulfur dioxide (SO2), aluminum sulphate (Al2(SO4)3) or glucose, that 
was either easily removable or consumable as the draw solution (Batchelder, 1965; Frank, 
1972; Kravath, 1975; Stache, 1989).  Later on, a two-stage FO process was patented, with 
potassium nitrate (KNO3) and sulfur dioxide (SO2) being used as the draw solution in the 
first and second stage, respectively (McGinnis, R. L., 2002). This patent took advantage 
of these two solutes having highly temperature dependent solubility, as well as the 
relatively temperature indifferent solubility of NaCl, the primary solute present in 
seawater.  In these attempts, the membrane used was of similar characteristics to the 
Loeb–Sourirarjan type cellulose acetate membrane.  However, performance data were 
either limited or not reported.  
 




Recently, based on the ideas of those previous patents and reports, a novel ammonia-
carbon dioxide FO process has been developed using either ammonium bicarbonate or 
mixing ammonium bicarbonate and ammonium hydroxide with deionized water as the 
draw solution (McCutcheon et al., 2005).  In this study, a newly developed membrane 
made of cellulose ester was used as the FO membrane (provided by Hydration 
Technologies, Albany, OR).  The performance of the FO process was reported to be 
comparable to RO while the cost was estimated to be much lower.  Although limited 
experimental data were available, McCutcheon et al. suggested that the FO process was a 
viable desalination method.  Nevertheless, it is well known that ammonium carbonate is 
not stable, especially at a high temperature, which means the performance of ammonia-
carbon dioxide as the draw solute in the FO process may be poor due to this property.  
 
In McCutcheon’s study (2005), the performance of the FO membrane was reported to be 
much better than any other membranes used in the previous FO studies.  However, it was 
found that severe internal concentration polarization still happened within the FO 
membrane, which suggested that this FO membrane was not ideal for the FO process.  
This lack of a suitable membrane, as well as the draw solute, was recognized to be the 
hindrance for the development of the FO process.  
 
In addition, there is a lack of mechanistic explanation on the effects of various factors on 
the performance of the FO process.  To date, only two studies were reported on the 
impact of one of the affecting factors: membrane structure.  Loeb et al. (1997) conducted 
a static osmosis study and discussed about the effects of membrane structure on osmosis 




using RO cellulose acetate asymmetric membrane.  They concluded that permeate flux 
decreased excessively when the RO membrane with support fabric was used due to 
“internal concentration polarization”.  From then on, no other studies had been conducted 
on the effects of membrane on the performance in the FO process until in 2005, 
McCutcheon (2005) briefly mentioned that “internal concentration polarization” would 
adversely affect the performance of the cellulose ester FO membrane in the dynamic FO 
process.  These two studies revealed that the mechanisms for the various factors (e.g. 
membrane structure and orientation, draw solute, co-current or counter-current cross-flow, 
cross-flow rate, operating temperature etc.) that affect the performance in the FO process 
have not been fully studied and well understood.   
 
Another problem associated with FO is a lack of sufficient development of potential 
applications of the FO process.  A few previous studies have been conducted on the FO 
applications.  For example, Yaeli (1992) applied the FO process as a pretreatment step to 
a low pressure RO process and used glucose as a draw solution.  Hydration Technologies 
Inc. (2005) developed a new device: Forward Osmosis Pressurized Reverse Osmosis 
(FOPRO), which made use of the hydraulic pressure generated by forward osmosis (FO) 
to drive the reverse osmosis (RO) process.  In another study, Cath et al. (2005) developed 
an innovative system known as direct osmotic concentration system (DOC) that utilized a 
direct (forward) osmosis process or a combined direct osmosis/osmotic distillation 
(DO/OD) process as the pretreatment and an RO process to reclaim wastewater.  
Nonetheless, the cost and efficiency of these devices were noted to be unsatisfactory.  
 




In view of the above research insufficiencies, it is the aim of this study to investigate on 
the FO process and its applications.  To overcome the hindrances that slow down the 
development of FO, as well as to understand the effects of various performance-affecting 
factors, the FO process was analyzed dynamically using a laboratory-scale setup.  
Subsequently, explanations on the transport phenomena, development for an ideal FO 
membrane, and the possible applications were studied to provide an in-depth 
understanding on the Forward Osmosis as a prospective water treatment technology.   
 
1.2 Objectives and Scope of the Study 
The main objective of this study is to explore the potential of the FO process.  The study 
looks into four main aspects of the FO technique, namely fundamental characteristics, 
transport phenomena, new FO membrane development, and potential applications.  
Figure 1.1 shows the structure of this study.  
 
The scope of this research includes: 
I. To conduct a preliminary study on the fundamental characteristics of the FO 
process. 
II. To propose the FO transport phenomena and mechanistic explanations on how the 
various factors affect the FO performance.  
III. To develop a new FO membrane based on the transport phenomena in the FO 
process.  
IV. To study the feasibility of the FO applications: low pressurized FO and 
concentration of brine using the FO process.  





Figure 1.1 Structure of this Study 
 
In order to evaluate the FO process, different performance-affecting factors (e.g. different 
membrane type, membrane structure and orientation, draw solute, co-current or counter-
current cross-flow, cross-flow rate, operating temperature etc.) were analyzed to find 
their impacts on the performance in the FO process.  Based on the experimental results, 
transport phenomena within the FO membrane structure were proposed and mechanistic 
explanations were then developed on how the various performance-affecting factors 
influence the FO performance.  Subsequently, attempts were made to properly peel off 
the porous support layers of two RO membranes so that the dense selective layers were 
used as the FO membrane and to develop a new FO membrane.  In addition, possible 
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applications of the FO process were proposed and experimented at laboratory scale.  A 
low hydrodynamic pressure was added to the feed side of the FO process to investigate 
whether this low pressurized FO process could achieve better and more cost-effective 
performance than the sole FO process.  Concentration of brine using the FO process is 
another promising area for FO application, which was investigated in this study.  
 
This study would provide a better understanding of the FO process and contribute to 
further investigations of FO applications.  The mechanistic study would explain the 
transport phenomena in the FO process and illustrate the requirement for an ideal draw 
solute.  Moreover, the progress in the development of a new FO membrane, as well as 
efforts in possible FO applications, would contribute to the overall development of the 
FO process.   
 
1.3 Outline of Thesis 
This thesis presents the study on the FO process using a laboratory-scale FO setup.  The 
background information and literature review, which show the necessity and importance 
of the study, are presented in Chapters One and Two, respectively.  The design and setup 
of the membrane system, the operational conditions and the sampling methods are 
presented in Chapter Three.  Chapter Four discusses the experimental results, which 
includes a preliminary study to evaluate the effects of various factors on the FO 
performance, a mechanistic study on the transport phenomena in the FO membrane, 
attempts to develop a new FO membrane, and the study on the potential FO applications.  
Conclusions from this study and recommendations for improvements and future study are 
presented in Chapter Five.   




CHAPTER TWO                                                   
LITERATURE REVIEW 
 
2.1 Membrane Technology in Desalination and Water Reclamation 
2.1.1 Introduction to Membrane Technology 
With the rapid increase in global population and the development of industries, the 
demands for freshwater have increased drastically whereas the available water sources 
have remained limited and are unevenly distributed.  In highly industrialized countries, 
there are growing problems of providing adequate water supply and properly disposing of 
municipal and industrial used water.  In developing countries, particularly those in arid 
parts of the world, there is a need to develop low-cost methods of acquiring new water 
supply while protecting existing water sources from pollution.   
 
Under the threats of freshwater shortage, many engineers and researchers have been 
dealing with reclaiming polluted water, while others try to find other alternative sources.  
Nowadays, desalination for seawater and other water sources, as well as water 
reclamation, is becoming a more and more attractive method to produce high quality 
water for both industrial and domestic usage.  With this rapid development, membrane 
technology has become economically attractive for desalination and water reclamation.  
 




Membrane technology is the application of a positive barrier or film in the separation of 
unwanted particles, micro-organisms and substances from water and effluents.  In this 
separation process, a semi-permeable membrane acts as a highly specific filter that is 
capable of separating substances because of differences in their physical and chemical 
properties under a variety of driving forces.  Examples of these driving forces are the 
application of high pressure, the introduction of electric potential and the maintenance of 
concentration gradient across a membrane. A schematic representation of membrane 
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Figure 2.1 Schematic representation of a membrane process for separation 
 
In the early 1960s, two US scientists, Sidney Loeb and S. Sourirajan, discovered a way of 
making mechanically strong, defect-free, ultra-thin RO membranes with excellent 
performances.  Their work made RO a commercial reality and contributed significantly 
towards the development of microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
electrodialysis (ED) and other membrane processes.  Moreover, this development has 
transformed membrane separation from a laboratory process into an industrial technology.  
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From then on, interest in membrane processes for water and used water treatment has 
grown steadily.  The main advantages of membrane technology, which make it 
competitive to conventional techniques, are that it works with a relatively low energy 
requirement compared to thermal processes, ease of application and well-arranged 
process setup, and without the need for the addition of chemicals.   
 
Membrane technology can solve a wide range of separation problems and it may be 
classified by the range of substances separated and the driving forces employed.   Most 
membrane processes applied for water and wastewater treatment are pressure-driven, 
which are summarized in Figure 2.2.  For example, microfiltration (MF), ultrafiltration 
(UF), nanofiltration (NF) and reverse osmosis (RO) are four typical membrane processes 
that use pressure difference across the membrane to extract freshwater.  MF and UF 
membranes are capable of removing particulate matters; while NF and RO membranes 
retain solutes as water permeates through the membrane.   
 
Figure 2.2 Selected separation processes used in water treatment and size ranges 
of various impurities found in raw waters (Jacangelo et al., 1989) 




2.1.2 Current Applications of Membrane Technology 
With the growing demands for freshwater, now and into the future, desalination and 
water reclamation are broadly seen as a viable and increasingly economic strategy to 
extend the available water supply.   It is estimated that global desalination capacity will 
grow from 30.6 million m3/day in 2005 to 61.7 million m3/day in 2015: a 102% increase 
over the decade (GWI editorial Team, 2005).  Moreover, global water reuse capacity will 
rise from 19.4 million m3/day in 2005 to 33.7 million m3/day in 2010 and 54.5 million 
m
3/day in 2015: a 181% increase (GWI editorial Team, 2005).  These rapid increases are 
to a large extent due to the maturity of membrane technology in water and wastewater 
treatment applications, which has reduced costs and broadened the scope of desalination 
and water reuse market.   
 
2.1.2.1 Desalination 
Desalination is a method used to produce drinking water by removing dissolved solids 
from feedwater such as seawater, brackish water, inland water, etc.  It is a highly complex 
process and the factors that have the largest effects on the cost of desalination are: 
feedwater quality (salinity levels), product water quality, energy costs as well as economy 
of scale (Alatiqi et al. 1999; Dore, 2005).  Most of the modern interest in desalination is 
focused on developing cost-effective ways of providing freshwater for human use in 
regions where the availability of water is limited. 
 
Desalination technologies can be classified by their separation mechanisms into thermal- 
and membrane-based desalination.  Thermal desalination separates salts from water by 




evaporation and condensation, whereas in membrane desalination water diffuses through 
a semi-permeable membrane while salts are almost completely retained.  An overview of 
available desalination technologies is given in Table 2.1.  Furthermore, several other 
membrane technologies are available for treatment of water to varying degrees. Those 
usually used in pretreatment of feedwater as part of the desalination process include MF 
and UF. 
Table 2.1 Overview of available desalination technologies (Fritzmann, et al., 2007) 
Thermal desalination technologies Membrane based 
desalination technologies 
Multi-stage flash distillation (MSF) 
Multi-effect distillation (MED) 
Vapor compression distillation (VCD) 




As of July 2004, the two leading methods among the available desalination technologies 
were RO (47.2% of installed capacity worldwide) and multi-stage flash distillation (MSF) 
(36.5% of installed capacity worldwide) (Wangnick, 2004).  MSF is a reliable 
desalination method mostly used for seawater, which distills seawater by flashing a 
portion of water into steam through multiple stages of heat exchangers.  However, MSF 
was reported to be thermodynamically inefficient, with a low feedwater recovery.  
Typical unit water cost for MSF in 2006 can be up to US$1.044/m3, which was more 
energy and cost intensive than RO desalination that had a unit water cost of about 
US$0.5/m3 (Reddy and Ghaffour, 2007).   
 
In the past few decades, the largest decrease in desalination cost was achieved for RO 
desalination, due to the technological improvements of membranes, economy of scale, 




improvement of pretreatment options and the application of energy recovery systems 
(Alatiqi et al., 1999).  However, energy is still the main driver in the cost of operating an 
RO desalination plant, which typically can take up 26% of the total operating cost and 
rank second to fixed charges that mainly comprise the capital cost (31%) (Ebensperger 
and Isley, 2005).  While fixed charges depend largely on location of the desalination 
plant, more focus should be put on reducing the cost of energy for operation.  Therefore, 
there is great interest in the study of novel technologies, which are capable of producing 
high quality water at a small fraction of the energy cost compared to RO desalination.  
 
2.1.2.2 Water Reclamation 
As the demands for freshwater increase over the past decades, water reclamation and 
reuse have become an increasingly important means to meet some of these demands. 
Water reclamation is the process of removing contaminants from industrial and domestic 
wastewater, which includes physical, chemical and biological methods.  Its objective is to 
produce a treated effluent and a solid waste or sludge suitable for discharge or reuse back 
into the environment.  Large or suspended particles, fats, oils and greases in the 
wastewater are removed by primary physical treatment processes, while colloids and 
dissolved organics are substantially degraded by secondary biological treatment processes.  
However, even after these two stages, organic and inorganic contaminants present in the 
treated used water may still be considerably high that required a tertiary stage.  Advanced 
technologies are therefore needed for water reclamation and reuse.  
 
In the recent decades, membrane processes, especially RO, becomes favorable techniques 




in used water reclamation because they have the advantages of high rejection, durability, 
small footprint, simple operation, and minimal resupply of consumable materials for 
continuous operation.  Rapid advances in membrane technology have led to improvement 
in membrane performances and increased rejection to contaminants.  RO, with 
pretreatment by MF or UF, was found to be the most promising technique for reclaiming 
secondary effluent.  The RO process is capable of deriving high quality product water 
from unconventional water sources such as seawater and pretreated used water, while 
rejecting bacteria, salts, and other contaminants that have a molecular weight greater than 
150-250 Daltons.  After this process, the RO effluent is ready for indirect potable reuse, 
which involves discharge of it to a receiving water for assimilation and subsequent 
withdrawals for further treatment (Mujeriego and Asano, 1991).  
 
2.2 Reverse Osmosis 
The current state-of-the-art for desalination and water purification is RO process (Miller, 
2003), for it can remove salts, hardness, pathogens, turbidity, disinfection by-product 
(DBP) precursors, synthetic organic compounds (SOCs), pesticides and most of potable 
water contaminants known today.  To introduce the concept of RO, it is necessary to start 
with the “osmosis” phenomenon.    
 
When a semi-permeable membrane is placed with a dilute solution and a concentrated 
solution on both sides of the membrane, water permeates spontaneously from the dilute 
side to the concentrated side of the membrane in an attempt to equalize concentrations.  
This phenomenon is called “osmosis”.  The flow of water can be prevented or even 




reversed by applying an opposing hydrodynamic pressure (denoted as ∆p in Figure 2.3) 
to the concentrated solution.  The magnitude of the pressure required to completely 
impede the spontaneous water flow is defined as the "osmotic pressure" (denoted as ∆pi in 
Figure 2.3).   
 
Figure 2.3 Schematic diagrams of the concepts of osmosis, pressure retarded 
osmosis and reverse osmosis 
 
If the applied hydrodynamic pressure only counteracts part of the osmotic pressure (i.e. 
∆p<∆pi), water will still flow to the concentrated side, with an energy transfer to this 
pressurized side which can be possibly utilized for power generation, i. e. pressure 
retarded osmosis (denoted as PRO).  If the applied hydrodynamic pressure exceeds the 
osmotic pressure (i.e. ∆p>∆pi), water flow will be reversed, i.e., water will flow from the 
concentrated side to the dilute side.  This phenomenon is referred to as RO.  Figure 2.3 
illustrates the concepts of osmosis, pressure retarded osmosis and reverse osmosis 






















In order to use RO as a water purification process, the feedwater is pressurized on one 
side of a semi-permeable membrane.  The applied hydrodynamic pressure must be high 
enough to exceed the osmotic pressure to cause reversed water flow.  If the membrane is 
highly permeable to water, but essentially impermeable to bacteria, salts, sugars, proteins, 
particles, dyes, and other impurities that have a molecular weight greater than 150-250 
Daltons, pure water permeates through the membrane and is known as product water.   
 
A point is reached at which the applied hydrodynamic pressure is no longer able to 
overcome the osmotic pressure and no further flow of product water occurs.  If the 
applied pressure is increased in an attempt to gain more product water, the precipitated 
salts and other undissolved matters in the concentrated feedwater can cause the 
membrane to be fouled fast and severely (the concept of fouling are introduced later in 
this chapter).  Therefore, there is a limitation to the fraction of feedwater which can be 
recovered as pure water and RO units are operated in a configuration where only a 
portion of the feedwater permeates through the membrane with the remainder being 
directed for discharge (cross-flow configuration).  The remainder portion for discharge 
contains concentrated solutes and other insoluble matters, such as bacteria, endotoxin and 
particles, and is referred to as the reject stream.  The product water to feedwater ratio can 
range from 35% to 50% for seawater desalination depending on the characteristics of the 
incoming water as well as other conditions (Van der Bruggen et al., 2003).   
 




2.2.1 Transport in RO: the Solution-Diffusion Model 
The solution-diffusion model has emerged over the past 20 years as the most widely 
accepted explanation of transport in RO, dialysis, gas permeation and pervaporation.  In 
these processes, the membranes used for separation have very small pore sizes (less than 
5 Å), which are within the ranges of the thermal motion of the polymer chains from 
which the membranes are made.  Therefore, permeation is not governed by the 
differences in the permeant sizes as a filter, but controlled by the motion of the polymer 
chains.  To describe these permeation processes, the solution-diffusion model has been 
developed and used: permeants dissolve in the membrane material and then diffuse 
through the membrane.  The separation is achieved between different permeants because 
of differences in the amount of material that dissolves in the membrane and the rate at 
which the material diffuses through the membrane (Wijmans and Baker, 1995).   
 
Based on thermodynamics, the driving forces of pressure, temperature, concentration, and 
electromotive force are interrelated and that the overall driving force for a permeant is the 
gradient in its chemical potential. Thus, the flux, Ji, of a component, i, is described by the 





−=                                                                                                                 (2.1) 
where,  
Ji = flux of component i; 
Li = coefficient of proportionality of component i (not necessarily constant); 
dµ i /dx = chemical potential gradient of component i. 





 In the RO process, the driving force is generated by pressure and concentration gradients, 
the chemical potential is written as Equation 2.2.   
dpcRTdd iiii νγµ += )ln(                                                                                         (2.2) 
where, 
µ i = chemical gradient of component i; 
R = universal gas constant; 
T = temperature; 
γ i = activity coefficient linking concentration with activity of component i;  
ci = molar concentration (mol/L) of component i; 
vi = molar volume of component i; 
p = applied pressure. 
 
The solution-diffusion model assumes that the pressure within a membrane is constant 
and that the chemical potential gradient (µ i) across the membrane is expressed only as a 
smooth gradient in solvent activity, γici (as shown in Figure 2.4).   
 




Figure 2.4 Pressure-driven permeation of a one-component solution through a 
membrane according to solution-diffusion model (Wijmans and Baker, 1995) 
 
This assumes, in effect, that solution-diffusion membranes transmit pressure in the same 
way as liquids.  Substituting the appropriate expression for the chemical potential in RO, 
and rearranging both Equation 2.1 and 2.2, the water flux and the salt flux can be written 





=                                                                                             (2.3) 
where, 
Ji = flux of component i (i.e. water); 
Di = RTLi/ci, Fick’s law diffusion coefficient of component i;           
R = universal gas constant; 
T = temperature; 
Li = coefficient of proportionality of component i (not necessarily constant); 
ci = molar concentration (mol/L) of component i; 
Ki = γ io/γ io(m), liquid phase/membrane phase sorption coefficient of component i;  
γ io = activity coefficient of component i on the feed side (point o);  
γ io(m) = activity coefficient of component i in the membrane at the feed side (point o); 
cio = molar concentration of component i at the feed side (point o);                                                                  
ʋi = molar volume of component i;  
∆p = hydrodynamic pressure difference across a semi-permeable membrane; 
∆pi = osmotic pressure difference across a semi-permeable membrane;  
ℓ =   membrane thickness.                                                





Equation 2.3 can be simplified as Equation 2.4.  
)( pi∆−∆= pAJ i                                                                                                          (2.4) 
where, 
A = DiKiciovi /ℓRT, water permeability constant. 
 








=                                                                                                   (2.5) 
or                                                          
)(
ljjoj ccBJ −=                                                                                                          (2.6) 
where, 
Jj = flux of component j (i.e. salt); 
Dj = Fick’s law diffusion coefficient of component j;       
Ki = liquid phase/membrane phase sorption coefficient of component j; 
cjo = molar concentration of component j at the feed side (point o);        
cjℓ = molar concentration of component j in the membrane at the permeate side;        
ℓ =   membrane thickness; 
B = DiKi /ℓ, salt permeability constant.  
                    
Predictions of water and salt transport can be made from the application of the solution-
diffusion model to RO (first derived by Merten and co-workers, 1966).  According to 
Equation 2.3 or 2.4, the water flux through an RO membrane increases with applied 




hydrodynamic pressure when it exceeds the osmotic pressure of the salt solution and 
whereas according to Equation 2.5 or 2.6, the salt flux is essentially independent of 
pressure.   
 
2.2.2 Concentration Polarization and Membrane Fouling 
2.2.2.1 Effect of Concentration Polarization  
As freshwater diffuses through the semi-permeable membrane, the concentration of 
dissolved impurities increases in the remaining feedwater.  Consequently, the osmotic 
pressure increases, which reduces the effective driving force and results in a flux 
declination.  Moreover, some of the impurities will accumulate on the membrane surface 
and they are subject to movement backward to the bulk feedwater due to diffusion.  As a 
result of equilibrium between the permeate flow and back diffusion, a dynamic elevated 
concentration layer will be formed near the membrane surface.  This phenomenon is 
called concentration polarization (CP).  The International Union of Pure and Applied 
Chemistry defines CP as follows: concentration profile that has a higher level of solute 
nearest to the upstream membrane surface compared with the more-or-less well-mixed 
bulk fluid far from the membrane surface (IUPAC Recommendation, 1996).   
 
At steady state, the thickness of the polarized layer, the solute concentration at the 
membrane surface, and the permeate flux (denoted as v(x) in Figure 2.5(a)) depend on the 
axial position in the filtration channel.  A typical region of the polarized layer and the 
membrane at any axial distance downstream from the channel entrance is shown 
schematically in Figure 2.5(b).  While traveling from the feed solution to the membrane 




surface, the permeate encounters the resistance of the polarized layer followed by that of 
the membrane.  Therefore, CP reduces the net driving force further by increasing the 
membrane resistance and reduces the permeate flux. 
 
Figure 2.5 Schematic representation of the steady-state concentration polarization 
phenomenon in a cross-flow membrane filtration unit depicting (a) the build-up of 
the polarized layer under the influence of axial flow and permeation drag, and (b) 
the accumulation of solutes near the membrane at any axial position of the 
filtration channel. (b) also shows the mechanical and osmotic (thermodynamic) 
pressures at different locations in the polarized layer (Mulder, 1996) 
 
where, 
u = γy, cross-flow (axial) velocity in a membrane channel; 
γ = shear rate; 
y = distance to membrane surface; 
v = v(x), local permeate flux in a cross-flow filtration channel; 
Pb = pressure at the bulk solution; 
Pm = pressure at membrane surface; 
Pp = pressure at the permeate; 
pib = osmotic pressure at the bulk solution; 
pim = osmotic pressure at membrane surface; 
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pip = osmotic pressure at the permeate; 
nb = number concentration of the solute particles in the bulk solution; 
nm = number concentration of the solute particles in the polarized layer; 
CP = concentration polarization. 
 
Referring to Figure 2.5(b), the permeate flux across a CP boundary layer and a membrane 


















ν                                                                                      (2.7) 
where,  
v = v(x), local permeate flux in a cross-flow filtration channel; 
∆P = applied pressure difference; ∆P = Pm - Pp in the first expression, and ∆P = Pb - Pp in 
the latter expression;  
∆pim = pim - pip, osmotic pressure difference between membrane surface and permeate 
solution; 
∆pib = pib - pip, osmotic pressure difference between feed bulk and permeate solution; 
η = solvent viscosity; 
Rm = resistance of the membrane to solvent flow; 
RCP= resistance of the polarized layer to solvent flow.  
 
The first expression for the permeate flux in Equation 2.7 considers the transport across 
the membrane alone, while the last expression considers the overall transport across the 
polarized layer and the membrane.  As the feed solution is in a liquid state, there is no 
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mechanical pressure drop across the polarized layer.  In other words, any pressure applied 
to the polarized layer from the bulk solution is transmitted undiminished to the membrane 
surface, i.e., ∆P is identical in both the expressions, as Pm = Pb.  Using these two 
expressions, the permeate flux considering CP can be determined quantitatively.  
 
2.2.2.2 Effect of Membrane Fouling  
Another phenomenon that significantly weakens the membrane performance is membrane 
fouling.  The International Union of Pure and Applied Chemistry defines fouling as 
follows:  the process that results in a decrease in performance of a membrane, caused by 
the deposition of suspended or dissolved substances on the external membrane surface, 
on the membrane pores, or within the membrane pores (IUPAC Recommendation, 1996).  
 
Membrane fouling process may be attributed to a number of mechanisms, which 
increases the actual membrane resistances.  These mechanisms include biofouling by the 
unwanted adsorption and growth of microorganisms and their microbial products,  pore 
blocking by solutes that are of similar diameter to the pores, formation of a cake layer 
from retentate solutes (i.e., solutes unable to permeate through the membrane pores) by 
precipitation or gelation of inorganic and organic particulates at the membrane surface as 
a result of the localized high concentrations that occur at the membrane solution interface 
(as illustrated in Figure 2.6 and Equation 2.8).  While interactions between foulants and 
the membranes are poorly understood, it is thought that effects like charge interactions, 
bridging, and hydrophobic interactions may play important roles in fouling.   




Figure 2.6 Schematic diagram of membrane fouling mechanisms 
 
Rtotal = Rm + Ra + Rpb + Rc                                                                                                                                    (2.8) 
where, 
Rm = membrane resistance; 
Ra = biofouling; 
Rpb = pore blocking; 
Rc = cake layer. 
 
Membrane fouling presents major obstacle for the wide spread applications of membrane 
technology, especially RO.  Membrane fouling can cause severe flux decline and affect 
the quality of the product water.  Severe membrane fouling may require intense chemical 
cleaning or membrane replacement.  As a result, operating cost of a treatment plant is 
therefore increased (Baker, 2004).    
 
Membrane fouling and CP are two inevitable phenomena that occur in membrane 
processes.  These essentially two different concepts, however, are interrelated and 
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influence each other.  CP increases the concentration of the rejected components on the 
membrane surface and accelerates the membrane fouling.  Membrane fouling causes the 
plugged pores to affect (deterioration) the partial CP.  This means that the relationship 
between membrane fouling and CP is causal, and CP is the reason for the decline in 
membrane permeance and the reduction in separation efficiency (Zhan et al., 2004).   
 
2.3 Forward Osmosis (FO) and Its Development 
2.3.1 Introduction to Forward Osmosis 
Nowadays, desalination for seawater and other water sources is becoming a more 
attractive method to produce good quality water for both industrial and domestic usage.  
However, current desalination technologies are prohibitively expensive and energy 
intensive.  Reverse osmosis (RO), one of the most commonly used desalination 
technologies, has a relatively lower overall cost compared to traditional thermal processes, 
which make use of excessive thermal energy while achieving a low feed-water recovery 
(Reddy and Ghaffour, 2007).  Recent developments in membrane science have led to the 
commercial availability of stable membranes, which are permeable to water but relatively 
impermeable to sugar, salt and other pollutants.  These membranes are used as a key 
element in the RO process for desalination.  However, RO generally requires high applied 
hydrodynamic pressure (300 to 500 psi) to push water through the membrane.  The high 
applied pressure requires heavy duty pressurizing pumps, as well as a firm system to 
withstand it.  All these mean more energy and cost needed for the RO process, and thus 
make it significantly more expensive than the standard treatment of freshwater for 
potable use.  In addition, RO membranes can be very sensitive to fouling by dissolved 
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and undissolved molecules, particulate matter, salt precipitates, and microorganisms 
(Wilf et al., 2000; Kim et al., 2002).  For this reason, RO systems, and especially those 
used for wastewater treatment, require pretreatment of the feed stream to reduce 
membrane fouling and to ensure acceptable performance.   
 
Limited recovery, typically 35–50% for seawater (Bruggen et al., 2003), is another 
drawback of RO.  The produced concentrated waste brine (also referred to as membrane 
concentrate, reject brine or wastewater; the main components of which are inorganic 
compounds) always limits desalination applications with the high disposal costs and the 
adverse impact on the receiving environment (Mohameda et al., 2005).  At a high 
recovery from typical seawater, the salts may be precipitated, eliminating the need of this 
environmentally harmful brine discharge.  Nevertheless, RO is not able to achieve this 
high recovery due to hydraulic pressure limitations of the pumps and membrane housings.  
In coastal regions, brine can be possibly discharged into the sea, but not so for inland 
areas.  For inland desalination plants, various treatment options are currently being used 
to concentrate brine as much as possible in order to reduce the volume prior to disposal 
(Buckley et al., 1987).  The various options include disposal by deep well injection or 
into surface water bodies or municipal sewers, evaporation using lined and unlined 
evaporation ponds, irrigation of plants tolerant to high salinities (halophytes) and 
concentration using electrodialysis (Bruggen et al., 2003; Korngold et al., 2004; Arnal et 
al., 2005;). Nevertheless, these brine treatment and disposal methods can take up a 
significant proportion of the total cost of desalination, especially for inland desalination 
plants (Glueckstern et al., 1996).  




Obviously, inexpensive, more environmental-friendly and simpler method for 
desalination as well as brine treatment is needed to make these technologies more 
competitive with traditional technologies.  To reduce the cost of existing membrane 
technologies, it is prudent to focus on what makes current technologies so expensive.  
Energy is indisputably the most significant contributor to the cost of desalination (A.A. 
Mesa, C.M. Gomez and R.U. Azpitarte, 1997).  Hence, reduction in energy usage is the 
primary objective to make desalination more feasible.   
 
Upon the need for a less expensive technology, FO process has emerged as a possible 
alternative technology for both desalination and brine treatment due to its lower energy 
requirement.  FO is an osmotic process that, like RO, uses a semi-permeable membrane 
to effect separation of water from dissolved solutes. However, unlike RO which uses 
applied hydrodynamic pressure as the driving force to counteract the osmotic pressure 
gradient between the feed and the permeate for separation, FO process utilizes an osmotic 
pressure gradient generated by a highly concentrated solution (known as “draw” solution) 
to allow water to diffuse through a semi-permeable membrane from a saline feedwater 
which is relatively less concentrated.  Consequently, a less concentrated draw solution is 
being produced which may be further treated to extract freshwater.  Since the FO process 
capitalizes the natural osmosis process, lesser energy is required compared to the RO 
process.  Furthermore, osmotic driving forces in FO can be significantly greater than 
hydrodynamic driving forces in RO, potentially leading to higher water flux rates and 
recoveries.   




An additional distinction between the RO and FO processes is that the water permeating 
the RO process is in most cases freshwater ready for use.  However, in the FO process, 
this is not the case.  The product of the FO process is the diluted draw solution, which 
may be used directly or sent to another separation step depending on the intended use of 
the product.   
 
One example of direct usage of the diluted draw solution is “hydration bag” (Hydration 
Technologies Inc.), which uses an ingestible draw solute and is intended for separation of 
freshwater from dirty water.  This allows, for example, the ingestion of freshwater from 
surface waters (streams, ponds, puddles, etc) which may be expected to contain 
pathogens or toxins that are readily rejected by the FO membrane.  With sufficient 
contact time, freshwater will permeate the membrane bag into the draw solution, leaving 
the undesirable feed constituents behind.  The diluted draw solution may then be ingested 
directly.  Typically, the draw solutes are sugars such as glucose or fructose, which 
provide the additional benefit of nutrition to the user of the “hydration bag”.  A point of 
additional interest with such a bag is that they may be readily used to recycle urine, 
greatly extending the ability of a backpacker or soldier to survive in arid environments 
(Salter, 2005).  This process may also, in principle, be employed with highly 
concentrated saline feedwater sources such as seawater, as one of the first intended uses 
of FO with ingestible solutes was for survival in life rafts at sea (Kessler and Moody, 
1976). 
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In the case where draw solutes in the product water are not desired, a second separation 
step is required.  The first separation step of FO, driven by an osmotic pressure gradient, 
does not require a significant energy input (only unpressurized stirring or pumping of the 
solutions involved).  The second separation step, however, does typically require energy 
input. One method used for the second separation step is to employ RO.  This approach 
has been used, for instance, in the treatment of landfill leachate (e.g. Osmotek, Inc.) 
(York et al., 1999).  An FO membrane separation is used to extract water from the 
leachate feed into a saline (NaCl) brine draw solution.  The diluted brine is then passed 
through a RO process to produce freshwater and a reusable brine concentrate. The 
advantage of this method is not a saving in energy, but rather in the fact that the FO 
process is more resistant to fouling from the leachate feed than a RO process alone would 
be (York, Thiel and Beaudry, 1999).  A similar FO/RO hybrid has been used for the 
concentration of food products, such as fruit juice (Beaudry and Lampi, 1990).  
 
 
One area of current research in FO involves the direct removal of draw solutes by thermal 
means. This process is typically referred to as the "ammonia-carbon dioxide" FO process, 
as the draw solutes are salts formed from the mixing of ammonia and carbon dioxide 
gases in water (McCutcheon et al., 2005).  These salts can reach relatively high 
concentrations, particularly as the ratio of ammonia to carbon dioxide is increased.  An 
especially convenient property of these salts is that they readily dissociate into ammonia 
and carbon dioxide gases again, if a solution containing them is heated (to approx. 60°C, 
at 1 atm pressure).  Once the concentrated draw solution is used to effect extraction of 
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water from the FO feed solution, the diluted draw solution is directed to a reboiled 
stripper (distillation column) and the solutes are completely removed and recycled for 
reuse in the FO system (McCutcheon et al., 2006).  If waste heat (e.g. from a power plant) 
is used for the separation of draw solutes and freshwater, the overall cost of the system is 
believed to be probably reduced compared to RO. 
   
2.3.2 History of FO Development 
The history of studies on FO can be traced back to as early as 1965.  From then on, 
several attempts to use FO as a means of saline water desalination have been reported.  
These methods focused on achieving better flux performance, and using different types of 
chemicals that were either removable or consumable as the draw solution.  The resulting 
osmotic pressure difference induces transport of water through the membrane from the 
feed (saline water) side to the permeate side.  A variety of methods to generate the 
osmotic pressure difference have been used.  The relevant previous FO efforts for 
desalination - mostly presented as patents with limited technical details and performance 
data - are summarized below.  
 
2.3.2.1 Previous Studies Focused on the Draw Solution 
In early 1965, a process was patented of adding easily removable gases, such as sulfur 
dioxide and ammonia, to seawater or freshwater to create a concentrated solution which 
may be used in an FO process to extract water from seawater (Batchelder, 1965).  The 
process is carried out until the draw solution is sufficiently dilute, at which point the 
volatile solute is removed by heating and/or air stripping to retrieve freshwater.  The 
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suggested membrane to be used in this process is cellulosic in nature.  Other examples in 
the patent describe the use of carrot root as a membrane material.  The patent, however, 
only determined that positive water flux occurred in the experiments and did not quantify 
the flux or salt rejection.  
 
This idea of using easily removable gases as the draw solute was expanded on by Glew 
(1965), who patented an osmotic extraction method for liquid recovery and solution 
concentration.  Water and another liquid are mixed to form a two-phase liquid system, 
with a gas phase acting as an option to be added into this system.  This mixture is 
intended to lower the “activity” of the solution to the point that a net flow of potable 
water will be induced from the saline water (e.g. seawater) through a semi-permeable 
membrane to dilute the mixture.  After this process, the miscible liquid or gas will be 
removed from freshwater for reuse by conventional separation methods depending on the 
chemical properties of targeted chemicals.  The use of aliphatic alcohols and sulfur 
dioxide as components of the draw solution is suggested.  Inorganic membranes, such as 
glass and copper ferrocyanide supported on a porous clay base, were tested in this system, 
but their performance data were not reported.  However, this was the first FO technique 
that suggested the removal and recycle of the draw solute in the overall process. 
 
Another draw solution proposed and patented is the use of a precipitable salt, such as 
aluminum sulfate, to generate an osmotic pressure gradient across a semi-permeable 
membrane for the FO process (Frank, 1972).  Subsequently, calcium hydroxide is dosed 
into the product solution, leading to the precipitation of aluminum hydroxide and calcium 
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sulfate.  The precipitates are removed by standard methods leaving the fresh product 
water.  Excess calcium hydroxide from the precipitation step can be removed by dosing 
in sulfuric acid or carbon dioxide, which produces calcium sulfate and calcium carbonate 
precipitates, respectively.  This step requires additional solid removal and leads to neutral 
pH in the product water.  The membrane used in the patent is of similar characteristics to 
the Loeb–Sourirarjan type cellulose acetate membrane (Sourirajan, 1970).  Water flux 
and salt rejection data were not presented.  
 
The FO process was further developed by Kravath (1975), who experimented with 
glucose as the draw solute and used cellulose acetate membranes.  Initial tests were run 
with a dialysis cell with glucose solution and seawater as the draw and feed solutions, 
respectively.  Additional tests were run with glucose dissolved in seawater as the draw 
solution.  Emergency lifeboats were considered as a possible use of the process in which 
seawater would be brought aboard a lifeboat and glucose would be added.  Additional 
seawater would be passed through a dialysis unit leading to osmosis and a dilution of the 
seawater/glucose draw solution.  Upon dilution, the salinity would be reduced to a level 
where ingestion would be possible for short-term consumption.  The flat sheet cellulose 
acetate membrane did not perform well in terms of salt rejection.  Hollow fiber 
membranes were also tried and results were reported to be improved.  Draw solute 
removal or recovery was not considered because the solute was intended for ingestion.  
 
Following the concept of using nutrients as draw solutes by Kravath et al. (1975), Stache 
(1989) designed and patented a semi-permeable membrane bag containing a concentrated 
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fructose or glycine as the draw solution.  When the bag is placed in contact with saline 
water, pure water diffuses through the membrane and dilutes the concentrated fructose or 
glycine solution, producing a nutritious drink for consumption.  Fructose or glycine is 
used because of their relatively high ‘osmotic efficiency’, namely they are highly soluble 
and can generate a large osmotic pressure.  This hydration bag was the first design that 
could be commercially produced for use, which is particularly useful for campers and in 
emergencies, and it is now a commercially available product of Hydration Technologies 
Inc.  For repeated use, additional concentrated fructose solution is needed.  Where 
glucose or other simple sugars is used as the draw solute, the diluted draw solution is 
intended for direct consumption.  The draw solution therefore can only be offered as a 
temporary alternative to potable water source. 
 
Recently, McGinnis (2002) developed and patented a two-stage FO process for 
recovering water from aqueous solutions.  The two-stage FO process takes advantage of 
solutes having highly temperature dependent solubility, in this case potassium nitrate 
(KNO3) and sulfur dioxide (SO2), as well as the relatively temperature indifferent 
solubility of sodium chloride (NaCl), the primary solute present in seawater.  Potable 
water is generated from a feed solution through the application of thermal and osmotic 
conditions of multiple solutions in a series of reactions which result in the passage of 
water from one solution to another through semi-permeable membranes.  Seawater is 
heated and fed to the FO membrane unit where a heated solution of saturated potassium 
nitrate serves as the draw solution.  Water transports through the semi-permeable 
membrane under osmotic driving force.  The diluted draw solution is then sent to a new 
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chamber where it is cooled by incoming seawater, which is simultaneously heated to the 
appropriate feed temperature.  Upon cooling, a significant portion of the KNO3 
precipitates out of solution, producing a solution with less osmotic pressure which is 
being fed to the second stage as feed solution.  The second stage FO unit uses dissolved 
SO2 as the draw solution.  The dilute KNO3 solution has a low osmotic pressure in 
comparison with the saturated SO2 solution, and water diffuses across the membrane 
while the KNO3 is rejected.  The SO2 is then removed through standard means, leaving 
potable water.  All solutes are recycled in the process.  If necessary, additive solutes such 
as NH4NO3, vitamins, minerals, NaF, etc., can be made as another saturated draw 
solution to extract water through a semi-permeable membrane from the product water of 
the above process to meet the customer’s requirements.  A system using SO2 as the lone 
draw solution is not ideal since it is not able to generate enough osmotic pressure for a 
good recovery.       
 
Following which, McGinnis and co-workers (McCutcheon et al., 2005) developed an FO 
process that utilized the combination of ammonia and carbon dioxide gases in specific 
ratios that created a highly concentrated draw solution of which the dissolved gases can 
be thermally removed.  This approach produced FO draw solutions with osmotic 
pressures in excess of 250 atm, allowing high recoveries of potable water from saline 
feed solutions.  Upon moderate heating, the draw solutes decomposed into ammonia and 
carbon dioxide gases that can be separated and recycled, leaving the fresh product water.  
The performance was reported to be comparable to RO while the cost was estimated to be 
much lower.  However, the commercially available FO membrane tested (provided by 
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Hydration Technologies Inc.) was found not optimal for this process, since its primary 
use is not for seawater desalination.  Although limited experimental data were available, 
they concluded that FO process is a viable desalination method.   
 
More recently, magnetoferritin was considered as a draw solute for the FO process 
(Apaclara Ltd., 2006).  When adequate magnetoferritin was added to the draw solution, 
sufficient osmotic pressure would be created which would induce pure water to permeate 
through the semi-permeable membrane from the feed seawater.  After which, 
magnetoferritin could be recovered and recycled by using a magnetic field for separation 
from the product water.  The idea of using magnetoferritin took advantage of that it is 
readily removable and safe to human beings.  However, magnetoferritin is relatively 
expensive and not easily available.  In this case, no further data on the performance were 
provided.   
 
2.3.2.2 Forward Osmosis for Seawater Desalination 
One of the most interesting and challenging applications of FO is the extraction of 
freshwater from seawater using this technique.  Even though many of the earlier studies 
on the draw solution of the FO process, as mentioned in the previous section, were aimed 
at seawater desalination, most of them have not been matured or proven feasible.  To 
study the feasibility of seawater desalination by FO, batch FO desalination process was 
set up and theoretical models were derived to validate the experimental results (Moody 
and Kessler, 1976).  Fructose-glucose solution was used as the draw solution to extract 
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water from seawater.  It was suggested that FO could be used for seawater desalination, 
especially as an emergency source of water for humans at sea.   
 
Yaeli (1992) expanded yet again on the idea of using sugar as a draw solution by 
applying the FO process as a pretreatment step to a low pressure RO process.  Using a 
concentrated glucose solution as a draw solution, water is extracted from seawater by 
osmosis.  The diluted draw solution from the FO process is fed to an RO unit, where a 
low pressure RO membrane separates potable water from the glucose solution.  Since 
glucose has a relatively large molecular size, a loose RO membrane can be used.  The 
retentate of the RO process, which is a concentrated glucose solution, may be recycled as 
a draw solution for the FO process, where the process starts again.  The two-stage process 
is capable of yielding larger throughputs with the same mechanical pressure, thereby 
achieving smaller cost per unit yield.  In addition, the membrane costs are substantially 
reduced since no mechanical pressure is used in the natural osmosis stage; and in the RO 
stage where mechanical pressure is used, only loose membrane is needed to deal with 
large molecular weight solutes.  Hence, this system is theoretically more energy efficient 
than a single RO process for desalination.  The foregoing advantages make the process 
useful for the desalination of seawater having relatively high concentrations of salts, or of 
saline water having lower concentrations of salts but still not suitable for drinking, 
agriculture, or industrial purposes.  However, recovery in this continuous process was 
reported with limited data.  
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Recently, Hydration Technologies Inc. (2005) developed an innovative device known as 
the FOPRO (Forward Osmosis Pressurized Reverse Osmosis) for seawater desalination.  
A closed cylindrical housing assembly has an FO end and an RO end, with a piston or 
baffle assembly located between the FO end and the RO end.  When water permeates 
through the FO membrane from the seawater or brackish water to an osmotic agent (e.g. 
brine, sodium chloride, potassium chloride, dehydrate sea salt, an inorganic salt, etc), 
hydraulic pressure will be generated and the piston or baffle will be pushed ahead.  It acts 
to transmit hydraulic pressure generated by the FO element to drive an RO process, 
wherein the RO process (not needing external energy to run pumps) can separate salt 
from salt water to generate potable water from water with high salt content (such as sea 
water, urine, sweat, brackish water, etc).  The device may generate drinkable water from 
salt water without external energy input simply by using the hydraulic energy generated 
by the FO device.  In addition, the potable water generated by the inventive device is of 
better purity than potable water generated by similar RO devices for desalination driven 
by external energy sources because the salt water is double filtered, first by the FO 
element and then by the RO element.  
Based on the ideas of previous patents and reports, another laboratory-scale study on the 
FO desalination process utilized a new type of FO membrane (CTA, Hydration 
Technologies Inc.) and together with concentrated ammonium bicarbonate solution as the 
draw solution (McCutcheon et al., 2005).  As shown in Figure 2.7, saline water (seawater) 
was pumped into the feed chamber of the co-current cross-flow FO unit and concentrated 
ammonia bicarbonate solution, with osmotic pressure as high as 250 atm, was pumped 
into the draw chamber.  The two chambers were separated by an FO membrane and water 
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would permeate from the feed chamber through the membrane into the draw chamber as 
a result of the osmotic pressure difference between the two solutions.  Seawater would be 
concentrated in the feed chamber into brine while the draw solution would be diluted and 
then pumped into the ammonia-carbon dioxide recovery unit.  The draw solutes can be 
recovered by thermal means with temperature of as low as 60oC for the recovery.  After 
removing the draw solutes, product water would be obtained.  High water flux across the 
membrane had been measured during the studies.  However, further analysis of the results 
indicated that the FO process was still not as efficient as compared to the matured RO 
desalination process.  
 ` 
Figure 2.7 Schematic diagram of the novel ammonia-carbon dioxide FO process 
(McCutcheon et al., 2005) 
 
2.3.2.3 Forward Osmosis for Water Reclamation 
As a relatively new and undeveloped concept, some researchers attempted to investigate 
into the possibility of using the FO process for water reclamation.  Recently, an 
innovative system known as direct osmotic concentration system (DOC) has been 
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developed which utilized a direct (forward) osmosis process or a combined direct 
osmosis/osmotic distillation (DO/OD) process as the pretreatment and an RO process to 
reclaim wastewater (Cath et al., 2005).  The DO process rejected most contaminants and 
only allowed water and small molecules to permeate through, while the OD process 
targeted the rejection of small compounds, like urea, that easily diffused through semi-
permeable membranes.  The diluted draw solutions of the two pretreatment processes 
served as the feed to the RO process, while the concentrated feed solution of the RO 
process served as the draw solution to the two pretreatment processes.  Cellulose ester 
RO membranes and composite polyamide RO membranes were tested in the system.  It 
was reported that water flux in the DO process was strongly dependent on the type of 
membrane used and the water flux obtained from the DO/OD process increased with 
increasing temperature gradient across the membranes.  This DOC system was believed 
to be able to achieve a high water recovery and a low energy cost.   
 
In another study, Cath et al. (2005) also tried to incorporate membrane distillation 
concepts into the direct osmosis/osmotic distillation process, known as direct 
osmosis/membrane osmotic distillation (DO/MOD) for the treatment of combined 
hygiene and metabolic wastewater.  They reported that the development of a temperature 
gradient across the membranes substantially enhances the water flux of the dual 
membrane process.  Solutes in the feed wastewater, including urea, were completely 
rejected.  It was then concluded that complex wastewaters that cannot be treated by one 
process alone could be well treated using this dual membrane process.  Although this 
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system had its merits, it consisted of a complicated set-up and did not develop the FO 
(DO) process to its best advantage.  
 
2.3.2.4 Other Applications of Forward Osmosis 
An early study developed the osmosis process for kinetic mechanical energy generation 
(Jellinek, 1976).  Two liquids (one may be freshwater, while the other may be seawater) 
having different chemical potentials were each placed in contact with opposite sides of 
the same semi-permeable membrane to push freshwater through the membrane by natural 
osmosis.  The device was made such that when freshwater passed through the semi-
permeable membrane, pressure was created which ejected a stream of seawater 
possessing kinetic mechanical energy through the outlet orifice.  If coupled to a small 
water wheel, mechanical energy can be converted and may be connected to an electrical 
generator for generating electrical energy.  
 
From then on, interest in FO for energy generation has grown steadily.  Pressure retarded 
osmosis (PRO), a closely-related process, has been tested and evaluated as a potential 
process for power generation (Lee et al., 1981; Loeb et al., 1976-2002).  PRO uses the 
osmotic pressure difference between seawater, or concentrated brine, and freshwater to 
pressurize the saline stream, thereby converting the osmotic pressure of seawater into a 
usable hydraulic pressure that can be used to produce electricity.  Loeb and co-workers 
(1976-2002) had made significant progress on the PRO in terms of process design, 
membrane orientation and modeling.  Additionally, Jellinek and Masuda (1981) had setup 
PRO pilot testing for power generation.  Currently an intensive study on PRO for power 
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generation is being funded by the European Union and conducted by a joint effort of 
Statkraft SF of Norway, ICTPOL of Portugal, SINTEF of Norway, GKSS 
Forschungszentrum of Germany, and Helsinki University of Technology of Finland with 
the main objective of developing membranes for PRO power that have a production 
capacity equivalent to at least 4 W/m2 (Aaberg, 2003). 
 
Another intensive study considering the application of FO is for the treatment of landfill 
leachate.  Landfill leachate generally consists of four different types of pollutants: organic 
compounds, dissolved heavy metals, organic and inorganic nitrogen, and total dissolved 
solids (TDS).  From the results of an extensive pilot testing to treat the landfill leachate, it 
was found that among various treatment technologies, which include mechanical 
evaporation, RO and FO, the FO technology designed by Osmotek Inc. was reported to 
be best suitable and selected for full-scale implementation (Osmotek Inc., 1998).  This 
was due to the high water recoveries achieved by the FO process with high contaminant 
rejection using Osmotek’s CTA FO membrane.  Most contaminants had greater than 99% 
rejection and final effluent concentrations were substantially lower than the acceptable 
levels.  
 
Laboratory-scale FO has also been applied to concentrate beverages and liquid foods 
(Petrotos et al., 1998-2001; Jiao et al., 2004; Baru et al., 2006; Dova et al., 2007).  FO 
has several advantages over evaporation and pressure-driven membrane processes for 
concentrating beverages and liquid foods, including operation at low temperatures and 
low pressures that promote high retention of sensory (e.g., taste, aroma, color) and 
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nutritional (e.g., vitamin) value, high rejection, and potentially low membrane fouling 
compared to pressure driven membrane processes.  However, similar to other applications, 
the lack of optimized membranes and an effective recovery process for the draw solution 
are the main limitations to transform FO into a full-scale process in the food industry.  
 
2.4 Current Status and Research Needs 
FO is a relatively new membrane technology in water and wastewater treatment.  
Relatively few publications on the applications of FO for water treatment/engineering 
applications have been released until in recent years, during which FO has been better 
understood and further developed.  The potential of this process has been well accounted 
and has gained the attention of many researchers.  Current reported FO applications 
include desalination (at bench scale) (Kravath and Davis, 1975; McCutcheon et al., 2005), 
treatment of industrial wastewater (at bench scale) (Votta et al., 1974; Anderson, 1977; 
Holloway et al., 2005), concentration of landfill leachate (at pilot and full scale) (Beaudry 
and Herron, 1997; York et al., 1999; Osmotek Inc., 2003), and liquid foods (at bench 
scale) (Popper et al., 1966; Beaudry and Lampi, 1990; Dova et al., Wrolstad et al., 1993; 
Petrotos et al., 1998, 1999& 2001; Jiao et al., 2004; Dova, et al., 2007).   Other unique 
areas of FO research include PRO for generation of electricity from saline and fresh 
water (Loeb, 1974, 1976, 1998, 2001& 2002; Mehta, 1982; Mehta and Loeb, 1978; Wick, 
1978; Jellinek and Masuda, 1981; Lee et al., 1981; Seppàlà and Lampinen, 1999; Aaberg, 
2003), and implantable osmotic pumps for controlled drug release (Theeuwes and Yum, 
1976; Wright et al., 2003; Bhatt, 2004;).  The main advantages of using FO are that it 
operates at low or no hydraulic pressures, it has high rejection of a wide range of 
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contaminants, and it may have a lower membrane fouling propensity than pressure-driven 
membrane processes.   
 
However, few studies have been conducted on the fundamental characteristics of the FO 
process, possibly because of the simplicity of the FO concept.  In order to develop the FO 
process into a viable and competitive membrane technology for various applications such 
as desalination and water reclamation, thorough and extensive studies need to be 
conducted for the better understanding the FO process.  To study the fundamental 
characteristics of the FO process, factors such as feedwater salinity, draw solution 
concentration, membrane structure and other experimental conditions as well as their 
effects on the permeate flux behavior require in-depth investigation.  The results from 
this study could provide useful information for optimizing the FO experimental 
parameters to achieve excellent performance.  
 
More work is still needed to be done on mechanistic explanations on the mass transport 
phenomena in the FO process, such as effects of different membrane type, membrane 
structures and orientations on water transport.  Loeb et al. (1997) conducted static 
osmosis study using RO cellulose acetate asymmetric membrane and magnesium chloride 
solution to create an osmotic pressure difference.  They concluded that permeate flux was 
decreased excessively when RO membrane with support fabric was used due to “internal 
CP”.  McCutcheon et al. (2005) illustrated briefly the effect of membrane orientation on 
the water chemical potential changes, which would in turn affect the water flux.  They 
found that their FO membrane gained good water flux when used with the dense selective 
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layer facing the feed, and draw solution concentration played a key role on their FO 
membrane performance.  However, no research has been conducted further to develop a 
universal explanation on the transport phenomena in the FO process.  Due to this 
deficiency, it is desirable to develop mechanistic explanations on the mass transport 
phenomena based on systematic study of the FO process.  The impacts of both external 
and internal CPs on the water flux behavior need to be further elucidated; so as to further 
determine the requirements for an ideal FO membrane, which can minimize the negative 
effects of CP and maximize the FO performance.  
 
As the FO process makes use of osmotic pressure difference as the main driving force, it 
is critical to have a draw solute that can generate a large osmotic driving force when 
dissolved in water.  Previous studies had proposed the use of many different draw solutes; 
however previous applications using FO were unsuccessful or economically unviable 
because of the lack of an appropriate draw solution having solutes that both produce high 
osmotic pressure and can easily be separated from the product freshwater.  The current 
challenge is the capability of extracting and reusing the draw solute, leaving behind a 
clean water stream of high quality.  Hence, it is vital to study on potentially suitable draw 
solutes for FO.  Through experimental data and in-depth analysis, it is desirable to 
provide precise information on the requirements of an ideal FO solute. 
 
A review of literature reveals that there is also a lack of an appropriate FO membrane.  It 
is believed that membrane structure has a significant role in membrane processes.  RO 
membranes were reported to be not suitable for the FO process due to their poor 
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performances (McCutcheon et al. 2005).  The current FO membrane developed by 
Hydration Technologies Inc. showed a better water permeability than RO membranes; its 
performance is still not comparable to that of an RO membrane in an RO system, despite 
a much higher osmotic driving force (McCutcheon et al. 2005).  Based on the transport 
phenomena discussed above, future research is needed to be carried out to develop an 
ideal FO membrane for better FO performance.  
 
Enlightened from the idea of the PRO process, a low pressurized FO process was 
developed.  Unlike in the PRO process where a low applied pressure was added to the 
draw side, a low applied pressure was added to the feed side to see whether it can 
accelerate the water permeation in the low pressurized FO process.  Another new FO 
application is for brine reclamation, which is a promising area for FO application and also 
crucial for desalination applications.  As discussed in Section 2.3, brine treatment and 
disposal are the main limitations for the RO desalination applications.  Various 
techniques are used to treat brine, which greatly add to the total cost of desalination.  FO 
potentially can be used as an alternative for both traditional desalination and brine 
disposal technologies due to its less energy requirement.  To date, there is a lack of 
research on concentration of brine using the FO process.  Therefore, there is a need to 
assess the viability of applying the FO process for the concentration of brine produced 
from brackish or seawater desalination plants through laboratory-scale experiments.  
 
To sum up, this study emphasizes on the importance of appropriate studies that need to be 
made for the FO process, in order to develop it into a practical membrane technology for 
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full-scale applications.  Following the development trend of the FO process, further 
researches need to be done on these areas: fundamental characteristics, transport 
phenomena, ideal FO membrane development, and potential applications.  
 
 




CHAPTER THREE  
MATERIALS AND METHODS 
 
3.1 Introduction  
A series of experiments have been carried out to attain the objectives outlined in Chapter 
One.  Broadly, this research can be divided into four related parts: namely preliminary 
study on fundamental characteristics, mechanistic study on transport phenomena, 
development of a new FO membrane, and potential applications of FO. 
 
Preparation—Set-up of the FO System: During the initial period, a laboratory-scale FO 
system were designed and setup in the Environmental Laboratory, Division of 
Environmental Science and Engineering, National University of Singapore.  This FO 
system has been modified and improved during the whole study.  
 
Preliminary Study on Fundamental Characteristics: In this part, a preliminary study 
was conducted for better understanding of the fundamental characteristics of the FO 
process.  Various factors were investigated to find their sole or combined effects on the 
permeate flux as well as the salt rejection for the membranes.  Among these factors were: 
membrane type, membrane structure, membrane orientation, feedwater salinity, different 
draw solute, draw solution concentration, temperature, co-current or counter-current flow, 
flow rates, etc.   




Mechanistic Study on Transport Phenomena: Based on the preliminary study results, 
in-depth analysis was done for the membranes tested in the FO system, and mechanistic 
explanations on the transport phenomena within the FO membrane were proposed.  
Subsequently, the influence of different draw solutes on the water flux in the FO process 
was then discussed.  As a result, requirements for an ideal draw solute were suggested.  
 
Development of a New FO Membrane: This part of research explored the possibility of 
developing an ideal FO membrane for the FO process.  Different types of membranes 
were tested in the FO system and their suitability in the FO process was discussed.  
Furthermore, attempts to develop a suitable FO membrane were made with good 
performance in terms of water flux and salt rejection reported.   
 
Potential Applications of FO: This part of research investigated into the viability of 
expanding the FO process for a low-pressurized FO process and applying FO for brine 
treatment using the laboratory-scale FO system.  For the low-pressurized FO process, a 
low hydrodynamic pressure was added to the feed side to see whether it can enhance 
water permeation efficiency.  For the concentration of brine by the FO process, 
researches were done to assess the viability of applying the FO process for concentration 
of brine produced from brackish or seawater desalination plants through laboratory-scale 
experiments.  Recoveries achieved by different membranes as well as at different brine 
concentrations were analyzed and compared.   




3.2 Experimental Set-up and Configuration 
In order to study and fully understand the FO process, a laboratory-scale FO system was 
designed and set up.  This system was then improved during the study, and was 
rearranged in the study of a low-pressurized FO process.  For the attempts to develop the 
FO membrane, a RK control coater (K202, R K Print Coat Instruments, Ltd.) was used.  
 
3.2.1 The Laboratory-Scale FO System 
The schematic diagram of the initial laboratory-scale FO system is shown in Figure 3.1.  
This system was then improved during the study.  Figure 3.2 shows the improved FO 
setup.  Plate 3.1 and Plate 3.2 show the arrangement of the actual laboratory set-up before 
and after the improvements, respectively.  In both the initial and the improved laboratory-
scale FO systems, the core is a specially designed cross-flow FO membrane cell, which 
will be introduced later in this section (as shown in Plate 3.3 and Plate 3.4).  A weighing 
scale (SB16001, Mettler Toledo, Germany) connected to a computer was used to monitor 
the weight of water permeating through the membrane from the feed to the draw side, 
from which the water flux was calculated.  





Figure 3.1 Schematic diagram of the initial laboratory-scale FO system 
 
 





























In the initial FO setup, co-current or counter-current flows of both the feed and draw 
solutions were controlled in each channel by a peristaltic pump (Cole-Parmer, USA) and 
a flow meter (Blue-white Industries Ltd, USA).  Heaters (Tempette, TE-8D) with 
temperature control and small stirrers were used to keep the feed and draw solutions 
homogeneous and at a constant temperature.  Considering the experiments using 
NH4HCO3 as the draw solute and NH4HCO3 could not be heated directly, a water bath 
was used for maintaining the temperature of the draw side.  A three-way valve was 
connected midway in the draw loop to collect water samples at a specific time interval 
during the experiments for salt rejection test, when glucose or fructose was used as the 
draw solute.  
 
However, after several experimental runs, it was found that peristaltic pumps were not 
able to achieve high flow rates (e.g. 2 L/min, corresponding to a cross-flow velocity of 
8.34 cm·s-1).  To improve the setup, centrifugal pumps (Cole-Parmer, Barrington, IL), 
which can easily achieve high flow rates, were used to replace the peristaltic pumps.  
Besides, a magnetic stirrer with temperature control (Heidolph, Germany) was introduced 
on the draw side to keep the draw solution homogenous, while the heater (Tempette, TE-
8D) was used at the feed side without change.  The weighing scale and the computer were 









Figure 3.2 Schematic diagram of the improved laboratory-scale FO system 
 
 
Plate 3.2 The improved laboratory-scale FO system 
























The core element of the initial and the improved FO systems is the specially designed FO 
membrane cell which has a channel on each side of the membrane to allow the feed and 
draw solutions to flow through separately (see Plate 3.3).  Each channel has dimensions 
of 4, 150, and 100mm for channel height, length and width, respectively (see Plate 3.4).  
 
Plate 3.3 The specially designed FO cell 
 
 
Plate 3.4 Detailed channels of the specially designed FO cell 




3.2.2 The Laboratory-Scale Low-Pressurized FO System 
The laboratory-scale low-pressurized FO system was built based on the original FO 
system.  The draw side of the FO system and the membrane cell remained similar as 
before while the feed side was modified according to the setup illustrated in Figure 3.3.  
The feed solution was circulated co-currently into the cross-flow membrane cell by a 
diaphragm pump (Hydra-cell D-03, Wanner Engineering, Inc., Minneapolis, MN) and the 
feed temperature was controlled by a chiller (Model CWA-12PTS, Wexten Precise 
Industries Co., Taiwan).  Desired pressure and feed flow rate were achieved by adjusting 
the bypass needle valve and back-pressure regulator.  The applied pressure was 
monitored by a digital pressure gauge (PSI-Tronix, Inc., Tulane, CA).  
 






































3.2.3 Membranes Tested   
Six types of flat sheet membrane were tested.  They were: one commercially available FO 
membrane, cellulose acetate asymmetric RO membrane (denoted as CA), polyamide 
composite RO membrane (denoted as AD), the dense selective layers (i.e. with their 
support layers properly peeled off) of these two RO membranes, and a new self-
developed FO membrane.  Detailed information about the membranes is provided in 
Table 3.1.  
Table 3.1 Details of flat sheet membranes tested 
Type of 
membrane 
Class Polymer Rejection 
Performance (%) 
Provider 
FO FO cellulose 
ester 
 Hydration Technologies 
Inc. 
CA RO cellulose 
acetate 
97 (NaCl) GE Osmonics Inc. 
AD RO polyamide 99.5 (NaCl) GE Osmonics Inc. 
Dense selective 





layer of AD 







The FO membrane was obtained from a hydration membrane bag (X-pack water filter of 
Hydration Technologies Inc.).  It is highly hydrophilic and consisted of a thin layer of 
cotton-derived cellulose-ester plastics embedded on top of a microfiltration membrane 
(Hydration Technologies Inc., 2005).  The support layer of the FO membrane was found 
not able to be peeled off due to its distinct structure.   




The CA membrane is a cellulose acetate asymmetric RO membrane which is known to be 
formed by the phase inversion method.  The AD membrane is a polyamide thin film 
composite RO membrane, which is known to be formed by interfacial polymerization on 
a polysulfone backing.  Both membranes have thick fabric backing layers to provide 
mechanical support, which is essential when used in the RO process.  In this study, 
attempts to peel off these support layers were made for these two RO membranes and 
tested in the FO process.  
 
The new self-developed FO membrane was developed and fabricated at laboratory scale 
using a RK control coater (K202, R K Print Coat Instruments, Ltd.), which will be 
introduced in Section 3.2.4.  
 
3.2.4 Method of New FO Membrane Development 
In order to improve the FO performance, trial and error attempts were made to develop a 
new type of FO membrane based on the proposed requirements for an ideal FO 
membrane.  An RK control coater (Model K202, RK Print-Coat Instruments, Ltd.) was 
used for the membrane fabrication process (Plate 3.5).  Cellulose acetate (CA, MN 
ca.30000, 39.8wt% acetyl content) was purchased from Sigma-Aldrich as the membrane 
material.  Formamide (Sigma-Aldrich, USA) and acetone (Merch, Germany) of analytical 
grade were used as received.  After many trial and error tests for developing a stable and 
good-performance FO membrane, the formula chosen to fabricate the new FO membrane 
was: 20% cellulose as polymer, 53.33% acetone as solvent, 26.67% formamide as non-
solvent and additional 1% pyridine as additives.  





Plate 3.5 The RK control coater 
 
Appropriate amount of cellulose acetate (6 g) was dissolved into 24 g of 
acetone/formamide (20.4 ml acetone and 7.1 ml formamide, based on their respective 
density) mixture to prepare a casting solution.  An additional 0.3 ml of pyridine (0.3 g) 
was added into the casting solution as the additives.  The casting solution was 
homogenized and kept at room temperature for at least 24 h to remove air bubbles from 
the solutions.  After that, the casting solution was used to fabricate membranes at 
different thickness (100 µm, 130 µm, 150 µm and 200 µm) using the RK control coater 
with different casting knives to control the thickness.  After an evaporation time of 30 s 
or 60 s, the membranes were immediately immersed in a water bath at 0-4°C for 2h.  
Subsequently, the membranes were annealed at 80°C for 20 min and then washed with 
pure water for at least 24 h before test.  




3.2.5 Feed and Draw Solutions 
Feed solutions with different NaCl concentrations were prepared using deionized water.  
NH4HCO3, fructose and NaCl were individually chosen as the draw solute for the 
preliminary study on the fundamental characteristics and the applications of the FO 
process, due to their respective advantages.  NH4HCO3 has a good solubility in water and 
is able to generate a high osmotic pressure, which is crucial for achieving good water flux 
and recovery.  It can be decomposed easily upon heating to produce freshwater.  Fructose 
was chosen as the draw solute because it has a good solubility and a relatively low 
molecular weight among various types of sugar.  Diluted fructose solution may be 
consumed or potentially further utilized for manufacturing processes.  For example, 
Hydration Technologies Inc. (Albany, OR) has capitalized on this concept to produce 
osmotic filter products and bags containing nutrient sugar powder that produce a nutrition 
drink from dirty water.  These products are produced for both military application and 
backcountry enthusiasts.  NaCl was also chosen as the draw solute for some experimental 
runs because it is simple, stable and easy to handle.  When NaCl was used as the draw 
solute, the experimental results were only used for comparison purpose and further 
separation of the draw solution was not considered.  To find out the potentially suitable 
draw solute, more inorganic and organic chemicals such as NH4Cl and glucose were 
tested in the FO process, respectively.  Figure 3.4 shows the solubility curve of all the 
draw solutes tested as a function of temperature (Speight, 2005).   





Figure 3.4 Solubility curves versus temperature for NaCl, NH4Cl, NH4HCO3, 
glucose and fructose 
 
3.2.6 Experimental Conditions 
The cross-flow rates for the feed and draw solutions ranged from 1 L/min (4.17 cm⋅s-1) to 
2 L/min (8.34 cm⋅s-1), maintained the same for both feed and draw sides during each 
experiment.  Co-current or counter-current cross-flow was applied to both the feed and 
draw sides to find the effects on the FO performance.  Unless otherwise stated, most of 
the experiments were conducted under a co-current cross-flow.   
 
The experimental temperature ranged from room temperature (about 30°C) to 50°C, 
being maintained the same for both the feed and draw solutions during most of 
experiments and controlled to within ±1°C.  Only in the experiments designed to 
investigate the effect of temperature on the FO performance, different temperatures were 
applied to feed and draw solutions.  




3.3 Measurement and Analysis Methods 
Various measurement and analysis methods used to evaluate the effects of various factors 
on the performance of the FO system, as well as membrane characteristics, are described 
in the subsequent sections.  
 
3.3.1 Determination of Theoretical Osmotic Pressure Difference 
In the FO process, the driving force is the osmotic pressure difference between the feed 
and the draw solutions. Osmotic pressure is the hydrostatic pressure produced by a 
solution in virtue of its molecular motion.  The osmotic pressure of a diluted solution can 
be calculated using Van’t Hoff Equation (Equation 3.1).    
nCRT=pi                                                                                                              (3.1) 
where, 
pi = osmotic pressure of a solution, kPa; 
n = the number of ions dissociated of one salt molecule; 
C = concentration, M; 
R = universal gas constant (8.314kPa.l.mol-1.K-1);  
T = temperature, K. 
 
However, Van’t Hoff Equation is only applicable when the concentration of the solution 
is very low (Loeb et al., 1997).  In this study, the concentration of the feed and draw 
solutions, especially the draw solution, was too high to use Equation 3.1.  So the 
StreamAnalyzer 2.0 software (OLI Systems Inc., Morris Plains, NJ) was used for osmotic 




pressure calculation.  The panel of StreamAnalyzer 2.0 is shown in Plate 3.6.  The name 
and the amount (in moles) of the solute and the solvent, as well as the temperature and 
the pressure are required to calculate the osmotic pressure of a solution.  After given the 
required information, the software can generate a report on the osmotic pressure and 
other properties of the solution. A sample report is shown in Plate 3.7.   
 
Plate 3.6 The panel of StreamAnalyzer 2.0 
 
 
Plate 3.7 Sample report of StreamAnalyzer 2.0 
 




Figure 3.5 shows the difference in osmotic pressure results calculated by Van’t Hoff 
Equation and StreamAnalyzer.  
 
Figure 3.5 Comparison of difference in osmotic pressure results calculated by 
Van’t Hoff Equation and StreamAnalyzer 
 
The weight changes in the feed and draw solutions as water permeated through the 
membrane during each experiment were monitored and the osmotic pressure was 
calculated based on these values using StreamAnalyzer 2.0.  With the calculated values, 
the bulk or theoretical osmotic pressure difference generated between the feed and draw 
solutions can then be calculated using Equation 3.2. 
fd pipipi −=∆                                                                                      (3.2) 
where,  
∆pi = bulk or theoretical osmotic pressure difference between feed and draw solution;  
pid = osmotic pressure of draw solution, kPa; 
pif = osmotic pressure of feed solution, kPa. 




However, the bulk or theoretical osmotic pressure difference calculated are different from 
the effective osmotic pressure difference generated by the actual concentration gradient 
that is formed across the semi-permeable membrane due to the effects of both external 
and internal CP.  The effective osmotic pressure difference, which has a direct impact on 
the water flux, is hypothesized to be affected by the membrane structure and orientation.  
This hypothesis will be presented and discussed in detail in the Results and Discussions 
Section.   
 
3.3.2 Determination of Water Flux and Recovery 
The water flux was calculated from the weight change of the feed or draw solution during 
each experimental run.  As water permeated through the membrane from the feed to the 
draw side, the weight of the feed solution decreased while the weight of the draw solution 
increased with time.  Water flux (Jw) can then be calculated:  




=J                                        (3.3) 
 
At the end of each experiment, recovery was calculated by dividing the overall volume of 
permeate (calculated from the total weight change of the feed or draw solution) by the 






R                                                                                                         (3.4) 
where  
R = recovery for the FO process, %; 




Vp = overall volume of permeate, L; 
VF = initial volume of feed solution, L.  
 
3.3.3 Determination of Salt Rejection 
Water samples were collected at a fixed time interval and the end of each experiment for 
membrane salt rejection measurement.  Two methods were used for determining the salt 
rejection of different membranes: namely conductivity analysis and measurement of 
chloride concentration.   
 
3.3.3.1 Conductivity Analysis 
Water samples of the draw solution were taken to measure the conductivity using a 
conductivity meter (Model LF 538, Wissenschaftlich-Technische Werkstatten, Germany) 
at a fixed time interval and the end of each FO experiment, from which salt rejection of 
the membrane was then determined.  This method was only applicable when fructose or 
glucose was used as the draw solution because the trace amount of salt passing through 
the membrane would contribute to conductivity.   
 
Firstly, a standard relationship between the conductivity and salt concentration was 
established by measuring the diluted NaCl concentrations and corresponding conductivity.  
NaCl solution of 0.005 M was prepared and the conductivity was measured to be 6.2 
mS/cm.  The solution was then diluted to get a range of molar concentrations and the 
conductivity for each solution was measured and the results are shown in Table 3.2.   












0 2.*10-3 1 
1.5625*10-4 2.25*10-2 10 
3.125*10-4 4.33*10-2 20 
6.25*10-4 8.5*10-2 39 
1.25*10-3 0.1703 79 
2.5*10-3 0.341 1.56*102 
5*10-3 0.686 3.17*102 
1.25*10-2 1.645 7.53*102 
1.875*10-2 2.42 1.112*103 
2.5*10-2 3.17 1.454*103 
5*10-2 6.2 OFL 
 
Based on these data, the standard curve of conductivity vs. salt concentration for NaCl 
was plotted (Figure 3.6).  Consequently, the NaCl concentration in the draw solution at 
the time when water sample was taken can be determined using the linear relationship 
between the conductivity and the concentration.   
 
Figure 3.6 Calibration curve of conductivity versus salt concentration for NaCl 
 










r                                                                                                       (3.5) 
where,  
r = salt rejection of a membrane, %; 
cP = salt (NaCl) concentration at the permeate side, M; 
cF = salt (NaCl) concentration at the feed side, M.  
 
3.3.3.2 Measurement of Chloride Concentration  
Chloride concentration was measured in the fructose draw solution at a fixed time 
interval during the FO experimental runs using a chloride ion-selective electrode (Vernier, 
Beaverton, OR).  The trace amount of Cl- found in the concentrated fructose draw 
solution was due to the minute salt that passed through the membrane during the 
experiment.  Based on the amount of Cl- detected in the draw solution by the chloride 
ion-selective electrode, the concentration of NaCl at the draw side can be calculated using 








                                                                                                      (3.6) 
where, 




= Cl- concentration at the permeate side, mg/L; 
35.5 = molecular weight of Cl-, g/mol. 
 




3.3.4 Determination of NH4+ Concentration 
When NH4CO3 was used as the draw solute, the draw solution was subjected to thermal 
heating to get the freshwater after the FO process.  Although no EPA or industry standard 
of contaminant level has been established for NH4+, typical concentrations of NH4+ in 
lakes and rivers are 0.1 to 1 mg/L (ppm), which is acceptable for drinking water.  To test 
whether NH4CO3 can be fully decomposed and removed from the diluted draw solution, 
the residual NH4+ concentration in the draw solution was diluted and measured after 
thorough heating and stripping for 8 h using a Dionex ion chromatography (denoted as IC, 
DX 500 system, U.S.A.) with a DS3 detection stabilizer (as shown in Plate 3.8).  The 
cation eluant was 0.5 M sulfuric acid and the cation column was CS12A.  During the 
analysis, a water sample of 100 µL is injected automatically by the auto-sampler 
(Kontron MSI 660 T) into a stream of carbonate-bicarbonate eluant and passes through a 
series of ion exchangers.  The ions of interest are separated on the basis of their relative 
affinities for a low capacity anion/cation exchanger (guard and separator columns).  The 
separated ions are directed through a hollow fiber cation exchanger membrane (fiber 
suppressor) or micro-membrane suppressor bathed in the regenerant solution.  In the 
suppressor, the separated ions are converted to their highly conductive acid forms and 
carbonate-bicarbonate eluant is converted to weakly conductive carbonic acid.  They are 
identified on the basis of retention time as compared to standards.  Quantity is determined 
by measurement of the peak area.   





Plate 3.8 Dionex ion chromatography system 
 
3.3.5 Analysis Methods for Membrane Characteristics 
In this study, dry membrane samples were prepared using the Christ Alpha 1-2LD Freeze 
drying machine (Germany, as shown in Plate 3.9).   
 
Plate 3.9 Christ Alpha 1-2LD freeze drying machine 
 




3.3.5.1 SEM Observation 
A scanning electron microscope (denoted as SEM, FEI Quanta 200F, Germany) was used 
to investigate the physical structures and surface morphology of the various membranes 
used in the FO process.  SEM is able to provide a 2-D view of the membranes and was 
used to characterize the thickness and pore size of clean membranes (Plate 3.10). The 
procedure of preparing membrane samples for SEM observation involved dehydration, 
cutting and gold coating.  Small dried sample pieces (5mm by 5mm) were cut using a 
scalpel.  To observe the intact cross sections of the membranes, the dried membrane 
samples were either frozen in the liquid nitrogen and then twist off, or cut directly as 
rapid as possible to prevent any damage to the cross sections.  It was found the former 
method was more applicable for RO membranes, while the latter favored the FO 
membrane.   
 
Plate 3.10 FEI Quanta 200F scanning electron microscope 
 




3.3.5.2 Contact Angle Tests 
Contact angle is an important index of the hydrophilicity of a membrane surface.  The 
hydrophilicity of the membranes tested was compared by measuring the contact angles 
using a VCA-Optima surface analysis system (AST Products, Inc., Billerica, MA; Plate 
3.11).  The analysis software is shown in Plate 3.12.  The medium used is de-ionized 
water.  When a water droplet is placed on the surface of a membrane sample, the shape of 
the droplet is determined by balance from the three forces of water, membrane surface 
and air.  The line tangent drawn at the curve of the droplet to the point where it intersects 
the membrane surface forms the contact angle.  The VCA Optima surface analysis system 
utilizes a precise camera and advanced PC technology to capture static or movie 
(dynamic) images of the droplet and determine tangent lines for the basis of contact angle 
measurement.   
 
 
Plate 3.11 VCA-Optima surface 
analysis system 
Plate 3.12 VCA-Optima surface 
analysis software
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3.4 Experimental Design  
In order to investigate into the FO process, several series of experiments were conducted 
to determine the effects of key factors (e.g. membrane structure and orientation, 
concentration of feed and draw solutions, etc.) on the performances of the FO process.  
Furthermore, the transport phenomena, development of a new FO membrane and 
potential applications were also studied.  
 
3.4.1 Preliminary Study on Fundamental Characteristics 
Three types of membrane were tested firstly under their normal orientations under similar 
experimental conditions (Feed: 0.5M NaCl; Draw: 3M NH4HCO3; Co-current cross-flow 
rate: 1 L/min, corresponding to 4.17 cm⋅s-1; Temperature: 50oC), to find out their 
performances in the FO process: FO membrane, cellulose acetate asymmetric RO 
membrane (denoted as CA) and polyamide composite RO membrane (denoted as AD).  It 
was noted that the normal orientation of the FO membrane is different from the two RO 
membranes.  When normally used, the dense selective layer of the FO membrane is 
designed to face the draw solution, while the dense selective layers of the two RO 
membranes are designed to face the feed solution.  As a result, the reverse orientations of 
the three membranes were tested and results were compared, i.e., the dense selective layer 
of the FO membrane facing the feed solution, while the dense selective layer of the two 
RO membranes facing the draw solution.   
 




To test the effects of other important experimental conditions (e.g. feed and draw 
concentrations, co-current or counter-current cross-flow, cross-flow rate, temperature, 
etc.) on the performance of the FO process, the FO membrane was used normally and 
similar experimental conditions were applied by varying only one experimental condition 
for each experimental test.  Salt rejection of the FO membrane was measured during the 
experiments and at the end of the experiments when fructose was used as the draw solute.  
On the other hand, draw solute such as NH4HCO3, NH4HCl, glucose and fructose was 
used individually in the FO process and performances were compared.   
 
3.4.2 Mechanistic Study on the Transport Phenomena 
SEM images of the cross sections and the membrane surfaces were taken and analyzed 
for the FO membrane and two RO membranes.  Based on the membrane structure and the 
surface morphology, mechanistic explanations on the transport phenomena in the FO 
process were proposed.  The severe impacts of internal and external CPs on the FO 
performance were then evaluated.  As a result, the requirements for an ideal FO 
membrane were suggested.  From the transport phenomena and the results obtained using 
different draw solutes, requirements for an ideal draw solute were deducted.    
 
3.4.3 Study on the Development of a New FO membrane  
The support layers of the two RO membranes were properly peeled off and the dense 
selective layers were tested normally in the FO process and their performance were 
compared with the performance of the FO membrane.  0.5M NaCl was used as the feed 
solution, while 5M fructose was used as the draw solution, when the temperature was 




kept at 50oC and the co-current cross-flow rate was maintained at 2 L/min.  To verify the 
results, 3M NH4HCO3 was used as the draw solution instead, and the temperature was 
kept at 30oC.  The hydrophilicity of these membranes was compared by measuring the 
contact angles.  Based on the experimental results and analysis, trial and error attempts 
were made to develop a new FO membrane, as introduced in Section 3.2.4.  Performance 
in terms of water flux and salt rejection of the newly developed FO membranes was then 
tested in the laboratory-scale FO system, using 0.5M NaCl as the feed solution and 2.5M 
NH4HCO3 as the draw solution.  The co-current cross-flow rate and the temperature were 
maintained at 1.2 L/min and 30oC, respectively.  
 
3.4.4 Potential FO Applications 
One of the potential FO applications: a low-pressurized FO process was developed.  
Unlike in the PRO process where the low applied pressure was added to the draw side, 
the low applied pressure (ranging from 5 to 20 psi) was added to the feed side to 
investigate whether it can accelerate water permeation in the low-pressurized FO process.  
The FO membrane was used normally in this study, for this process requires membrane 
of considerable thickness to assure strength sufficient to withstand the applied pressure 
without rupturing and breaking.  Other experimental conditions were kept the same: Feed: 
0.5M NaCl; Draw: 5M NaCl; Co-current cross-flow rate: 1 L/min; Temperature: 30oC).  
Results of water flux were obtained under different applied pressure as well as co-current 
cross-flow rate.   
 




Another potential FO application is for brine reclamation.  To assess the viability of 
applying the FO process for concentration of brine produced from brackish or seawater 
desalination plants through laboratory-scale experiments, NaCl solutions with 
concentrations closed to brine (i. e., 1M or 2M) were prepared with deionized water as 
the feed solution.  Other experimental conditions were kept the same: Co-current cross-
flow rate: 2 L/min; Temperature: 50oC.  Fructose was used as the draw solute because it 
can generate tremendous osmotic pressure at high concentration (i.e., 5 M or 6 M, the 
latter of which was found to be too viscous to handle).  To maintain a high driving force 
for brine reclamation, the concentration of the draw solution was kept consistently high 
by adding an appropriate amount of fructose periodically according to the amount of 
water that had permeated from the feed solution through the membrane to the draw 
solution.  The FO membrane and the dense selective layer of the CA membrane were 
chosen for the study of brine treatment.  Brine recoveries were considered for each 
experiment.  





RESULTS AND DISCUSSIONS 
 
4.1 Introduction  
A series of experiments were carried out to obtain the fundamental understanding of FO 
process, using the laboratory-scale FO system operating under a variety of conditions as 
described in Chapter Three.  Several key factors, such as fundamental characteristics, 
transport phenomena, development of new FO membrane, and potential applications 
were carefully investigated to better understand and develop the FO process.  Such results 
will provide useful information for selection and operation of the FO process in 
desalination and water reclamation.  
 
Before the start of experiments, a laboratory-scale FO system with a special cross-flow 
membrane cell were designed and set up in the laboratory.  The preliminary study on the 
fundamental characteristics of the FO process, tests of newly developed membranes, and 
concentration of brine using the FO process, were conducted using this membrane system.  
The study on the low-pressurized FO process was conducted by upgrading the FO system 
with a set of pressurized equipments.   
 
The preliminary study first compared the performances of various types of membrane in 
the FO process.  The FO membrane was then chosen to be used in further experiments to 




examine the effects of various experimental conditions such as membrane orientations, 
temperature, flow rate and directions, draw solute, etc., on the FO performance.  The 
results from this part of study further uncovered the fundamental characteristics of the FO 
process.  
 
Based on the results from the preliminary study, the transport phenomena were proposed 
to explain how the various experimental factors affected the FO performance.  The 
transport phenomena were set up based on the normal and the reverse orientation of the 
FO membrane used in the FO process.  The two key phenomena affected by the various 
experimental factors and therefore greatly influenced the FO performance were: internal 
and external CPs.  Evaluation on to what extent the internal and external CPs caused by 
each experimental factor influenced the FO performance can provide further 
understanding of the FO process.  Based on the effects of the internal and external CPs, 
requirements for an ideal membrane as well as an ideal draw solute were suggested. 
 
According to the requirements for an ideal FO membrane, attempts to develop a new FO 
membrane were made first by testing the dense selective layers of the CA and AD RO 
membranes, which were achieved by properly peeling off the support layers of the CA 
and AD RO membranes.  The results verified the proposed requirements for an ideal FO 
membrane.  Further trial and error attempts were made to find a relative stable and good-
performance membrane casting formula, using the laboratory scale RK control coater, 
with similar membrane structure to the dense selective layers of the CA and AD RO 
membranes.  The newly developed membrane was fabricated with different thickness and 




their performances in terms of water flux and salt rejection in the FO process were 
compared.  Experimental results were found to be promising and these cast light on the 
further research efforts to find an optimal membrane casting formula for the new type of 
the FO membrane.  
 
Finally, the results of the study on the potential FO applications: a low-pressurized FO 
process and concentration of brine by the FO process were presented in details.  It was 
found that the FO process is promising to be developed in both applications.  However, a 
suitable FO membrane, as well as a suitable draw solute, is needed for the improvement 
of the FO performance in these applications.  
 
4.2 Preliminary Study on Fundamental Characteristics 
This part of the study was conducted following the outline presented in Section 3.4.1, to 
investigate the fundamental characteristics of the FO process.  Understanding the various 
factors that could affect the FO performance would facilitate the development and 
improvement of the FO process.   
 
4.2.1 Solubility of NH4HCO3   
NH4HCO3 was used as the draw solute for the initial stage of the preliminary study.   
According to Lange’s handbook of chemistry (Speight, 2005), solubility of NH4HCO3 
per 100 g of water is 36.6 and 59.2 g at 40 and 60°C, respectively.  However, in Dean’s 
handbook of Organic chemistry (Gokel, 2004),  it is stated that NH4HCO3 starts to 
decompose into ammonia, carbon dioxide and water at 35°C, while complete 




decomposition is achieved above 60°C.  In this study, it was found that when 36.6 g of 
NH4HCO3 was dissolved in 100 g of water (equivalent to a molar concentration of 
4.064M) at a temperature of 50°C, the solution appeared slightly turbid, which suggested 
the presence of suspended solids of NH4HCO3.  In addition, gas bubbles were observed to 
be releasing from the solution, which suggested the decomposition of NH4HCO3 at this 
high temperature.  Decomposition of NH4HCO3 was not observed when the solution was 
kept at 30oC.    
 
Due to the above constraint, most experiments were conducted with a draw solution 
consisting of 3M of NH4HCO3 at either 30 or 50oC, except a few experimental runs with a 
draw solution of 4M NH4HCO3 at 50oC.  When either 3M or 4M concentrated NH4HCO3 
solution was used as the draw solution, it was kept in a closed draw tank during the 
experiments.  Calculated from StreamAnalyzer 2.0 (OLI Systems Inc.), one liter 3M 
concentrated NH4HCO3 solution generates 107.896 atm of osmotic pressure at 30oC; 
while one liter 4M concentrated NH4HCO3 solution can generate 141.682 atm of osmotic 
pressure at 50oC. 
 
4.2.2 Comparison of Water Fluxes Achieved by Intact Membranes 
The intact CA, AD and the FO membranes were tested under the normal orientations as 
well as reverse orientations in the laboratory FO setup described in Section 3.2.1.  The 
experimental conditions were maintained the same for all the three tests: Feed: 0.5M 
NaCl; Draw: 4M NH4HCO3; Co-current cross-flow rate: 1 L/min (corresponding to 4.17 
cm⋅s-1); Temperature: 50oC.  The water flux and osmotic pressure difference were 




calculated based on the amount of water permeating from the feed solution through the 
membrane to the draw solution using the method described in Section 3.3.2.  
 
Figure 4.1 shows the resulting water fluxes vs. osmotic pressure difference for the intact 
CA, AD and FO membranes tested under the normal orientations (i.e., the dense selective 
layer of the FO membrane facing the draw solution, while the dense selective layers of 
the two RO membranes facing the feed solution), under the similar experimental 
conditions as described above.  All the three curves exhibited similar trends whereby the 
water flux dropped almost linearly with decreasing osmotic pressure difference from an 
initial highest value.  This was because for each experiment, as freshwater diffused from 
the feed solution through the membrane to the draw solution, the osmotic pressure in the 
feed and draw solution increased and decreased, respectively, resulting in a reduction in 
the osmotic pressure difference across the membrane.  The results showed that the water 
flux achieved by the FO membrane was higher than those achieved by the CA and AD 
membranes at the same osmotic pressure difference, while the water flux obtained using 
the AD membrane was significantly the lowest.  As osmotic pressure difference across 
the membrane decreased, lesser difference in water flux was observed between the FO 
and CA membranes.  Explanations can be found in the discussion section 4.3.1 on the 
impact of different membrane structure on flux.  The water recoveries after testing for 30 
h for the FO, CA and AD membrane were found to be 31.6, 16.7 and 9.1%, respectively.   
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Figure 4.1 Comparison of the water fluxes using three types of membranes under 
the normal orientations: FO, CA, and AD intact membranes  (Feed: 0.5M NaCl; 
Draw: 4M NH4HCO3; Co-current cross-flow rate: 1 L/min; Temperature: 50oC) 
 
The intact CA, AD and FO membranes were then tested under the reverse orientations 
(i.e., the dense selective layer of the FO membrane facing the feed solution, while the 
dense selective layers of the two RO membranes facing the draw solution), with the 
similar experimental conditions as they were tested under the normal orientations.  Figure 
4.2 shows the resulting water fluxes versus osmotic pressure difference.  It was found that 
the water flux achieved by the FO membrane was still higher than those achieved by the 
CA and AD membranes at the same osmotic pressure difference.  The water flux obtained 
using the AD membrane was much lower than those obtained by the FO and CA 
membranes at the same osmotic pressure difference.  As osmotic pressure difference 
across the membrane decreased, the water fluxes all dropped severely.   





Figure 4.2 Comparison of the water fluxes using three types of membranes under 
the reverse orientations: FO, CA, and AD intact membranes (Feed: 0.5M NaCl; 
Draw: 4M NH4HCO3; Co-current cross-flow rate: 1 L/min; Temperature: 50oC) 
 
4.2.3 Water Flux Using the FO Membrane 
Since achieving the highest flux among all the intact membranes tested, the FO 
membrane was further tested to investigate the impacts of membrane structure as well as 
various experimental conditions on water flux performance.  
 
4.2.3.1 Effects of Membrane Orientation on Water Flux 
Figure 4.3 shows the water fluxes versus the osmotic pressure difference when the FO 
membrane was tested normally (i.e., the dense selective layer of the FO membrane facing 
the feed solution) as well as reversely (i.e. the dense selective layer of the FO membrane 
facing the feed solution).  By comparing the water fluxes obtained using 0.2M NaCl-3M 
NH4HCO3 at 30oC or 0.5M NaCl-3M NH4HCO3 at 30oC under the normal orientation 
with those under the reverse orientation, it was found that water fluxes obtained by the 




FO membrane under the reverse orientation were consistently lesser than those obtained 
under the normal orientation under the similar experimental conditions.  Explanations can 









20 40 60 80 100














Figure 4.3 Effects of using the FO membrane normally and reversely on the water 
flux (Feed: NaCl; Draw: NH4HCO3; Co-current cross-flow rate: 1 L/min; 
Temperature: 30oC) 
 
4.2.3.2 Effects of Different Feed and Draw Concentrations on Water Flux 
Figure 4.4 shows the comparison of the water flux using different feed and draw 
concentrations with the FO membrane tested normally, while keeping other experimental 
conditions similar.  It was observed that the initial water flux (i.e., at the beginning of the 
experiment) using 0.5M NaCl-4M NH4HCO3 at 50oC was 6.5 GFD (3.1 µm/s or 10.9 
L⋅m-2⋅h-1), the largest among the five experimental runs because the initial osmotic 
pressure difference was the highest.  For the same reason, the initial water flux using 
0.2M NaCl-3M NH4HCO3 at 50oC ranked second and was larger than that using 0.5M 
NaCl-3M NH4HCO3 at 50oC.  Subsequently, water flux dropped drastically with a 




decrease in osmotic pressure difference across the membrane.  However, for runs 
conducted at 50oC with FO membrane operated normally, the water flux using 0.2M 
NaCl-3M NH4HCO3 at 50oC was higher than those using 0.5M NaCl-4M NH4HCO3 at 
50oC and 0.5M NaCl-3M NH4HCO3 at 50oC, while the latter two water fluxes showed 
very little difference.  This is attributed to the effects of internal and external 
concentration polarizations created by the FO membrane structure, which will be 
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Figure 4.4 Effects of concentration and temperature of feed and draw solutions on 
the water flux with the FO membrane tested normally (Feed: NaCl; Draw: NH4HCO3; 
Co-current cross-flow rate: 1 L/min) 
 
4.2.3.3 Effect of Temperature on Water Flux 
From Figure 4.4, the effect of temperature on the water flux can also be observed by 
comparing the water flux obtained using 0.5M NaCl-3M NH4HCO3 at 30oC with that at 
50oC and the water flux obtained using 0.2M NaCl-3M NH4HCO3 at 30oC with that at 
50oC.  At the same osmotic pressure difference, the water fluxes obtained at 50oC were 




found to be always higher than that at 30oC, which suggested that temperature had a 
positive effect on the FO process.  However, these differences in the water flux might 
also be due to the effects of the internal and external CPs, as discussed above.  To 
minimize the effects of internal and external CPs on the water flux and further investigate 
the effect of temperature on the water flux in the FO process, deionized water was used as 
the feed solution.  NaCl was used as the draw solute instead of NH4HCO3 since 
unpleasant smell was detected during and after those experiments with NH4HCO3 as the 
draw solution, which indicated the slight decomposition of NH4HCO3. Both the feed and 
draw solutions were kept at the same or different temperatures.  
 
As shown in Figure 4.5, at the same osmotic pressure difference, the water flux with both 
the feed and draw solutions kept at 50°C was consistently the highest among the four 
experimental runs, reaching a high value of 16.7 GFD (7.8 µm/s or 27.9 L⋅m-2⋅h-1).  The 
water fluxes obtained were almost equal with either the feed or the draw solution 
maintained at 50°C and the other maintained at 30°C, which were higher than when both 
sides were maintained at 30°C at the same osmotic pressure difference. 





Figure 4.5 Effects of different temperatures of feed and draw solutions on the 
water flux using FO membrane tested normally (Feed: Deionized water; Draw: 1M 
NaCl; Co-current cross-flow rate: 1.5 L/min) 
 
The results suggested that temperature had a positive effect on the FO process.  The 
higher temperature reduces the viscosity of water, which in turn increases the diffusivity 
of water through the membrane and thus, the water permeability.  For the experimental 
runs with either the feed or the draw solution maintained at 50°C and the other side 
maintained at 30°C, heat from one side with the higher temperature causes the surface 
temperature of the membrane and the overall temperature inside the membrane cell to 
increase.  Thus, the viscosity of the water near the surface of the membrane is reduced 
which in turn increases the water permeability through the membrane.  
 




4.2.3.4 Effects of Co-current or Counter-current Flow and Flow Rates on Water 
Flux 
In this study, experiments were performed to investigate the effects of flow directions of 
the feed and draw solution within the membrane cell on water flux.  The feed and draw 
solutions were made to flow either in the same direction (i.e., co-current flow) or in the 
opposite direction (i.e., counter-current flow) within the membrane cell and the FO 
membrane was tested under the normal orientation.   
 
As shown in Figure 4.6, it can be observed that slightly higher water fluxes were obtained 
when the flow of the feed and draw solutions were flowed in opposite directions (i.e., 
counter-current flow), at the similar experimental conditions.   This could be attributed to 
the fact that under co-current and counter-current flow, the established CP phenomena 
were slightly different.  Explanations on how this difference was achieved can be found 
in Section 4.3.3 on the impact of co-current or counter-current flow on water flux.  
 
The temperature effect on the water flux also can be observed in Figure 4.6 when 
comparing the water fluxes obtained using 0.1M NaCl-1M NaCl at 50oC with 30oC either 
co-currently or counter-currently, at the same osmotic pressure difference.   





Figure 4.6 Effects of co-current or counter-current flow on the water flux using FO 
membrane tested normally (Feed: Deionized water; Draw: 1M NaCl; Cross-flow 
rate: 1.5 L/min) 
 
To investigate the effect of flow rates on the FO performance, different co-current flow 
rates were applied to both the feed and draw sides.  Figure 4.7 shows the water fluxes 
obtained under the similar experimental conditions except different co-current flow rates.  
Since deionized water was used as the feed solution, internal and external CPs on the feed 
side were minimized.  At the same osmotic pressure difference, a significant difference in 
the water fluxes was observed: the water flux obtained with a higher flow rate applied 
was consistently higher than that with a lower flow rate applied.  This is attributed to the 
effect of a more turbulent condition created by the higher flow rate at the membrane 
surface.  As a result, the effect of external CP was minimized, which will be discussed in 
the section: Mechanistic Explanations on Transport Phenomena.   





Figure 4.7 Effects of different flow rates on the water flux using FO membrane 
tested normally (Feed: Deionized water; Draw: 1M NaCl; Temperature: 30 oC;  
Co-current cross-flow) 
 
4.2.3.5 Results Using Different Draw Solutes  
NH4HCO3, as well as NaCl, was used as the draw solute in the above experiments for 
testing the effects of various experimental conditions on the performance of the FO 
process.  However, it was found that NH4HCO3 is not a stable chemical as it is easy to be 
decomposed even at a low temperature.  To find out the potentially suitable draw solute 
for the FO process, more inorganic and organic chemicals such as NH4Cl, fructose and 
glucose were tested in the FO process, respectively.   
 
When 6M NH4Cl was used as the draw solute, a low water flux was detected, as shown in 
Figure 4.8.  The water flux dropped rapidly with only small changes in the osmotic 
driving force, which seemed to be affected by factors other than the expected membrane 




internal and external CPs.  Considering the special characteristics of NH4Cl, the reason 
was found for this unusual collapse.  The formation of small quantity of ammonia gas and 
hydrochloric acid upon moderate heating was a potential threat to the system as this acid 
was detected to react with the stainless steel heater and corrode it.  As a result, ferrous 
chloride as well as ferric chloride was formed which colored the draw solution into 
orange.  This phenomenon lowered the draw solution concentration and led to the more 
severe internal and external CP and even scaling at the membrane surface.  That was why 
the water flux dropped much more rapidly than expected.   
 
Figure 4.8 Water flux obtained using FO membrane tested normally (Feed: 0.5M 
NaCl; Draw: 6M NH4Cl; Co-current cross-flow rate: 1.5L/min) 
 
Fructose and glucose were chosen as potential draw solutes with the same molecular 
weight: 180 g/mole.  At similar molar concentrations, glucose and fructose each 
generates about the same osmotic pressure difference, based on the results calculated by 
StreamAnalyzer 2.0 (OLI systems Inc.).  For example, one liter 4M glucose solution at 
50oC can generate 265.542 atm of osmotic pressure, while one liter 4M fructose solution 




at 50oC can generate 264.363 atm of osmotic pressure.  However, fructose is more readily 
soluble than glucose at similar temperature (as shown in Figure 3.4).  It was found that 
fructose can achieve a high concentration of 6 M at 50oC, while glucose can only achieve 
4 M at the same temperature.  Calculated from StreamAnalyzer 2.0 (OLI Systems Inc.), 
one liter 5M or 6M concentrated fructose solution can generates 567.874 and 1380.06 
atm of osmotic pressure, respectively. Compared to one liter 4M concentrated NH4HCO3 
solution which can only generate 141.682 atm of osmotic pressure at 50oC, concentrated 
glucose and fructose solutions can achieve a much higher osmotic driving force in the FO 
process.  What deserves to be noted is that, both concentrated fructose and glucose 
solutions appeared to be viscous without a smell, while the concentrated NH4HCO3 
solution is not viscous but with an unpleasant smell.   
 
Figure 4.9 shows the comparison of water fluxes obtained using different draw solutions 
with FO membrane tested normally under co-current flow conditions.  The water fluxes 
showed similar trend, whereby water flux decreased with decreasing osmotic pressure 
difference across the membrane.  Compared with results obtained using glucose and 
fructose, it was found that the water flux using NH4HCO3 was much higher than those 
using fructose and glucose at the same osmotic pressure difference (Figure 4.9), whereas 
NH4HCO3 generates much lesser osmotic pressure.  The reason can be found in the next 
section, where the transport phenomena are proposed and explanations are made for the 
effects of different draw solutes.   





Figure 4.9 Comparison of water flux using NH4HCO3, glucose or fructose as the 
draw solution for FO membrane tested normally (Feed solution: NaCl; Co-current 
cross-flow rate: 1.5 L/min; Temperature: 50oC) 
 
From Figure 4.9, it can be observed that the water flux dropped more drastically as 
osmotic pressure difference was reduced slightly for the experiment run using NH4HCO3 
as the draw solute.  That is because NH4HCO3 is not thermally stable as gas bubbles were 
observed to be releasing from the solution when maintaining the experimental 
temperature at 50oC.  This observation suggested the decomposition of NH4HCO3 and 
therefore, the rapid decrease in the osmotic pressure difference.  Furthermore, based on 
the results from ion chromatography (Dionex DX 500, U.S.A), the residue NH4HCO3 in 
the draw solution after the FO process and the thoroughly heating and stripping was 
found to be more than 2 ppm, which exceeds the acceptable 0.1 to 1ppm concentration 
for drinking water.  Unpleasant smell was detected for the draw solution even after the 
thorough heating and stripping.  This result suggested that only thorough heating and 




stripping may not be sufficiently effective to remove NH4HCO3 from the draw solution to 
get freshwater of the drinking water standard.   
 
For glucose or fructose used as the draw solute, the water flux dropped relatively slow 
while the osmotic pressure difference dropped very rapidly.  That is because the osmotic 
pressure generated by glucose or fructose is very sensitive to the concentration of the 
draw solution.  Even a small quantity of water permeated to the draw solution would 
greatly change the chemical potential of the solution, and therefore affect the osmotic 
pressure it generates.  As a result, glucose or fructose is not efficient in generating an 
effectively high and stable osmotic driving force in the FO process.  By comparing the 
water fluxes obtained by 0.5M NaCl-4M glucose and 0.5M NaCl-4M fructose at the 
similar experimental conditions, only slight difference was found, which suggested that 
the two chemicals may have similar behavior in the FO process at similar concentrations.   
 
The above experiment results using different draw solutes suggested that a suitable draw 
solute should be one that is able to extract freshwater through the membrane effectively 
while itself is easily removed or environmental friendly.  Hence, finding an ideal draw 
solute would be necessary to further develop the FO process. 
 
4.2.3.6 Salt Rejection Test 
When fructose was used as the draw solution, water samples of the draw solution were 
taken to measure the conductivity or chloride concentration at a fixed time interval and 




the end of each FO experiment, from which the salt rejection of the FO membrane was 
determined using the method described in Section 3.3.3.   
 
Figures 4.10 and 4.11 show the water fluxes using different concentrations of fructose 
and the corresponding salt rejections for the FO membrane.  From Figure 4.11, it was 
observed that salt rejection was better when the water flux was higher because a larger 
amount of freshwater that diffused through the FO membrane would dilute the salt that 
had penetrated the FO membrane.  As the experiment proceeded, decreasing water flux 
caused the salt rejection to reduce with time (indicated by reducing flux in Figure 4.10).  
Nevertheless, the FO membrane could achieve a salt rejection of greater than 97%, which 
was comparable to commercially available RO membranes. 
 
Figure 4.10 Water fluxes using different feed and fructose concentrations with FO 
membrane tested normally. (Feed solution: NaCl; Co-current cross-flow rate: 1.5 
L/min; Temperature: 50oC) 
 





Figure 4.11 Salt rejection versus water flux for the FO membrane 
 
4.3 Mechanistic Study on Transport Phenomena 
4.3.1 Influence of Membrane Structure on Water Flux 
It was found in the previous experiments that the FO membrane performed much better 
than the intact CA and AD membranes under both the normal and reverse orientations 
(Figures 4.1 and 4.2).  The different water fluxes or recoveries observed under similar 
experimental conditions suggested that membrane characteristics have a major impact on 
water flux in the FO process.  The three membranes (CA, AD and FO) differed in their 
thickness and physical structures.  SEM images revealed that the CA membrane is an 
asymmetric membrane consisting of a dense selective layer and a dense support layer that 
has an overall thickness of about 167 µm (Figure 4.12 (a)).  The AD membrane is a 
composite membrane, which has three distinct dense layers (namely: the dense selective 
layer, the polysulfone backing layer and the fabric support layer) and the overall 
thickness is about 122 µm (Figure 4.12 (b)).  The FO membrane has a very different 
















structure (Figures 4.12 (c) and (d)) compared to those of the CA and AD membranes.  It 
has an overall thickness of about 133 µm and it consists of two layers: a thin dense 
selective layer and a loose fabric support layer.  The thin dense selective layer serves as a 
selective barrier for salt rejection.  The loose fabric support layer contributes to the 
mechanical strength of the membrane and allows easy water transportation through it.  



























Figure 4.12 SEM images of the cross section of the intact (a) CA membrane, (b) AD 
membrane, (c) FO membrane and (d) FO membrane at a higher resolution.  (1) is 










From the results of the water fluxes shown in Figures 4.1 and 4.2, and the SEM images of 
the membranes, it suggests that membrane structure rather than membrane thickness was 
the controlling factor on water flux.  Although the thickness of the FO membrane is not 
the least, it produced the highest water flux because its support layer is made up of very 
loose fiber (Figure 4.12 (c) and (d)), which has lower resistance and allows water to 
diffuse easily.  The thickest CA membrane achieved higher water flux than the thinnest 
AD membrane also because it has a looser support layer that would facilitate water 
transportation (Figure 4.12 (a) versus (b)).   
 
4.3.2 Influence of Membrane Orientation, Different Feed and Draw 
Concentrations on Water Flux 
According to the solution-diffusion model which is the most widely accepted explanation 
of transport for many membrane processes, water fluxes should be identical at the same 
osmotic pressure difference and operational conditions.  However, this study showed 
otherwise.  Figure 4.3 shows that for experimental runs conducted at 50oC with FO 
membrane operated normally, the water flux using 0.2M NaCl-3M NH4HCO3 was higher 
than those using 0.5M NaCl-4M NH4HCO3 and 0.5M NaCl-3M NH4HCO3 at the same 
osmotic pressure difference, while the latter two water fluxes showed very little 
difference.  Figure 4.10 also shows that the water flux for the case of 0.5M NaCl-4M 
fructose was consistently higher than that of 1M NaCl-4M fructose and 2M NaCl-4M 
fructose, with the FO membrane operated normally.   
 




These phenomena are attributed to the membrane morphology that affects the internal 
and external CPs of the FO membrane.  The cross section of the FO membrane was 
shown in Figure 4.12 (c) and (d).  To better understand the FO membrane characteristics, 
the surface (i.e., the thin dense selective layer side) and the reverse side (i.e., the loose 
fabric support layer side) of the FO membrane were observed by SEM (Figure 4.13 (a) 
and (b), respectively). One point to be noted is that although the SEM image of the 
reverse side of the FO membrane (Figure 4.13 (b)) was taken at a much lower 
magnification, the very loose structure was still very clear and obvious.  By comparison, 
the surface side of the FO membrane appeared in the SEM image to be non-porous even 















Figure 4.13 SEM images of (a) the surface and (b) the reverse side of the FO 
membrane 
 
When the feed and draw solutions are brought into contact with the FO membrane used 
under the normal orientation (Figure 4.14 (a)), the feed solution will immediately diffuse 
into the loose fabric support layer of the FO membrane.  As a result, osmotic pressure 
difference is established across the dense selective layer of the FO membrane.  Under this 
b a 




driving force, water diffuses through the membrane from the feed side to the draw side.  
Since diffusion is the only transport mechanism in the porous layer, as freshwater 
permeates through the membrane from the feed side, the steady-state solute concentration 
at the dense selective layer surface on the feed side, Fm,o will be slightly higher than that 
in the bulk solution, Fb due to external and internal CPs.  Since only a small amount of 
salt leaks and mainly water diffuses through the dense selective layer, the solute 
concentration, Dm,o adjacent to the surface of the dense selective layer at the draw side 
will be very low (near to zero concentration), resulting in an osmotic pressure difference 
in the opposite direction that tends to drive water from the draw to the feed side − an 
additional resistance, which depends on the Fm,o and Dm,o values.  Due to the external CP 
created by the dilution effect because of freshwater diffusing through the membrane to 
the draw side and cross-flow effect, there exists a very thin layer (distance S from the 
dense selective layer surface) whereby the solute concentration increased from Dm,o to the 
bulk solute concentration, Db.  The effective osmotic pressure difference is lowered from 
the bulk or theoretical osmotic pressure due to this additional resistance.  Hence, lower 
water flux was observed due to a lower effective driving force.  This additional resistance 
was larger in the case of 0.5M NaCl-3M NH4HCO3 at 50oC than in the case of 0.2M 
NaCl-3M NH4HCO3 at 50oC at the same bulk osmotic pressure difference.  This is also 
the reason for the lower water flux obtained using 0.5M NaCl-4M NH4HCO3 at 50oC 
compared to that using 0.2M NaCl-3M NH4HCO3 at 50oC (Figure 4.4).  Similarly, this 
additional resistance was larger in the case of 2M NaCl-4M fructose than in the case of 
1M NaCl-4M fructose and 0.5M NaCl-4M fructose (Figure 4.10).  
 





Figure 4.14 Transport phenomena in the FO process when using the FO 
membrane (a) normally (b) reversely 
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As shown in Figure 4.3, the membrane orientation (i.e., normally or reversely) for the FO 
process had an impact on the water flux.  When the FO membrane is tested reversely 
(Figure 4.14 (b)), an external CP will be developed on the feed side with a solute 
concentration of Fm,r at the membrane surface.  Due to the effect of cross-flow, Fm,r is 
expected to be slightly smaller than Fm,o when the bulk feed concentrations, Fb are similar.  
However, internal CP will occur in the loose fabric support layer and affect the water 
transportation on the draw side instead.  A very low solute concentration, Dm,r will be 
established adjacent to the dense selective layer in the loose fabric support layer of the 
FO membrane on the draw side that causes a reduction in the osmotic pressure difference.  
Since diffusion is the only transport mechanism within the loose fabric support layer, the 
solute concentration would increase gradually from Dm,r at the surface of the dense 
selective layer on the draw side to the bulk concentration, Db.  The solute in the draw 
solution would be more difficult to diffuse into the porous layer because the direction of 
diffusion is opposite to the direction of the water flux.  The solute concentration at a 
distance of S (same distance S as in previous paragraph discussion) from the dense 
selective layer surface at the draw side would be much smaller than the draw bulk solute 
concentration, Db.  Consequently, the effective osmotic pressure difference (based on 
solute concentration at location S) across the dense selective layer with the FO membrane 
tested reversely will be lesser than that with the FO membrane tested under the normal 
orientation.  This phenomenon explains the observation that lower water flux was 
obtained when the FO membrane was tested reversely at the same osmotic pressure 
difference (Figure 4.3).  Thus, internal CP within the loose fabric support layer would 




have a more serious negative effect on the water flux when the FO membrane is tested 
reversely.   
 
By comparison, external CP may have a minor effect on the water flux and it was not the 
main cause for the lower than expected water flux when the FO membrane is used with 
salts on both sides.  Internal CP, which happens within the loose fabric support layer, 
governs the transport efficiency in the FO membrane.  When the FO membrane is tested 
normally, the feed concentration plays an important role on the FO performance.  When 
the FO membrane is tested reversely, the draw concentration plays an important role on 
the FO performance.  Based on these phenomena, an ideal FO membrane should be one 
with only a thin dense selective layer without loose fabric support layer so that internal 
CP can be eliminated.  However, such a membrane is currently not commercially 
available.   
 
4.3.3 Influence of Co-current or Counter-current Flow on Water Flux 
When the feed and draw solutions are controlled to flow co-currently (i.e., in the same 
direction) or counter-currently (i.e., in the opposite direction) within the membrane cell 
with the FO membrane tested under the normal orientation, the external CP layer would 
be established as illustrated in Figure 4.15 (a) or (b), respectively.  Due to freshwater 
diffusing through the membrane from the feed to the draw side, the bulk draw 
concentration Db would decrease slightly along the flow direction due to dilutive external 
CP, while the bulk feed concentration Fb would increase slightly because of concentrative 
external CP.  In the case of co-current flow (Figure 4.15 (a)), the bulk osmotic pressure 




difference is higher at the inlet but drops along the flow direction.  In the case of counter-
current flow (Figure 4.15 (b)), the bulk osmotic pressure difference at the inlet might not 
be as high as that of co-current flow, with both operated under similar experimental 
conditions. However, it is found that a more consistent bulk osmotic pressure difference 
is established which might explain why slightly higher water fluxes were obtained when 
operated with counter-current flow.  
 






(a) Co-current flow                                                  (b) Counter-current flow 
Figure 4.15 Comparison of established external CP when using the FO membrane 
normally under similar experimental conditions with (a) co-current flow versus (b) 
counter-current flow. 
 
Similarly, the internal feed and draw concentrations within the membrane structure would 
increase and decrease according to the concentrative and dilutive internal CPs 
respectively, which are not indicated in Figure 4.15.  As a result, the effects of 
concentrative and dilutive internal CPs on the effective osmotic pressure difference as 
well as the performance would be similar to those of concentrative and dilutive external 
CPs when comparing the performance of counter-current flow with co-current flow. 
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4.3.4 Influence of Draw Solute on Water Flux 
From the experimental results using different draw solutes, it was found that the type of 
draw solute also affected the FO performance (as shown in Figure 4.9).  This could be 
explained by the direction of water flux and diffusion characteristics of the draw solute.  
As discussed in the previous section, the direction of water flux is opposite to the 
diffusion of draw solute.  As fructose or glucose has a larger molecular size than 
NH4HCO3, it is less efficient in diffusing back to the membrane surface as water diffuses 
through the membrane from the feed to the draw side, across which the osmotic driving 
force is established.  As a result, the effective osmotic driving force when fructose or 
glucose was used as the draw solute was lower, resulting in lower water flux achieved 
compared to when NH4HCO3 was used.   
 
Therefore, neither NH4HCO3 nor fructose or glucose is an ideal draw solute for the FO 
process.  The above experiment results and discussions suggested that a suitable draw 
solute should have a stable property and small molecular size, be able to generate an 
effectively high osmotic pressure to extract large amounts of freshwater through the 
membrane while it can be easily separated or environmental friendly.  Future researches 
are required to develop an ideal draw solute for the further development of the FO 
process. 
 
4.4 Study on the Development of a New FO membrane  
From the experimental results and mechanistic analysis, it is hypothesized that an ideal 
FO membrane should be one with only a thin dense selective layer without loose fabric 




support layer so that internal CP can be eliminated.  However, such a membrane is 
currently not commercially available.  To verify the hypothesis, attempts to properly peel 
off the support layers of the CA and AD membranes were made and tested their dense 
selective layers in the FO process.  As a result, the positive experimental results inspired 
the idea of developing a new FO membrane with only a dense selective layer for better 
FO performance.  
 
4.4.1 Performance of the Dense Selective Layers of the CA and AD Membranes 
In the previous sections, it was found that the FO membrane performed the best in term 
of water flux among the three types of membrane tested under both the normal and 
reverse orientations: CA membrane, AD membrane and FO membrane (both the CA and 
AD membranes were tested with the support layer intact).  However, the FO membrane 
was not ideal in the FO process due to the existence of the loose fabric support layer 
within which severe internal CP would occur that greatly reduced the effective osmotic 
driving force.  To minimize the adverse effect of internal, the support layers of the CA 
and AD membranes were properly peeled off and their dense selective layers were tested 
in the FO process.  The support layer of the FO membrane could not be peeled off due to 
its distinct structure.   
 
Experimental results showed that, at the same osmotic pressure difference under similar 
experimental conditions (Feed: 0.5M NaCl; Draw: 5M fructose; Co-current cross-flow 
rate: 2 L/min; Temperature: 50oC), the initial water flux achieved by the dense selective 
layer of the CA membrane was about 11.4 GFD (5.3 µm/s or 19.1 L⋅m-2⋅h-1), which was 




much higher than those achieved by the FO membrane (5.4 GFD, 2.5 µm/s or 9.0 L⋅m-2⋅h-
1) and the dense selective layer of the AD membrane (3.2 GFD, 1.5 µm/s or 5.4 L⋅m-2⋅h-1) 
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Figure 4.16 Comparison of the water flux using the FO membrane and the dense 
selective layer of the CA and AD membranes under the normal orientations (Feed: 
0.5M NaCl; Draw: 5M fructose; Co-current cross-flow rate: 2 L/min; Temperature: 
50oC) 
 
As experiments carried on, the water fluxes achieved by these three membranes declined 
remarkably with decreasing osmotic pressure differences.  Nevertheless, the water flux 
achieved by the dense selective layer of the CA membrane still ranked the highest among 
the three membranes tested, whereas the dense selective layer of the AD membrane still 
had the worst performance.  In terms of salt rejection, the method of chloride 
concentration measurement was applied to measure the trace amount of Cl- found in the 
concentrated fructose draw solution, from which the salt rejection was calculated, as 
discussed in Section 3.3.1.  Results showed that the dense selective layers of the CA and 
AD membranes could both achieve salt rejections of consistently greater than 99.9%, as 
shown in Figure 4.17.    





 Figure 4.17 Salt rejection versus time for the dense selective layer of the CA and 
AD membranes 
 
4.4.2 Implications of Membrane Characteristics on Performance 
The difference in water fluxes observed for the above three membranes under similar 
experimental conditions suggested that membrane characteristics have major impacts on 
the performance in the FO process.  As mentioned in Section 4.3.1, the FO membrane 
was observed under SEM and it is known to have an asymmetric structure (Figures 4.12 
(c) and (d)).  SEM images revealed the asymmetry structure of both the dense selective 
layers of the CA and AD membranes.  The surfaces of the dense selective layers of both 
the CA and AD membranes were non-porous, and the latter appeared to be coarser 
(Figure 4.18 (a) versus (c)).  Small and dense pores were observed at the reverse side (i.e., 
the side with the support layer peeled off) of the dense layer of the CA membrane (Figure 
4.18 (b)), while relatively large pores were observed for the reverse side of the dense 
selective layer of the AD membrane (Figure 4.18 (d)).  The surface of the dense selective 




layer served as a selective barrier for salt rejection, while the reverse side contributed to 














Figure 4.18 SEM images of the (a) surface of the dense selective layer of the CA 
membrane; (b) reverse side of the dense selective layer of the CA membrane; (c) 
surface of the dense selective layer of the AD membrane; (d) reverse side of the 
dense selective layer of the AD membrane.  Reverse side referred to the side of 
membrane where the support layer was originally adhered. 
 
By comparison, the surface and the reverse side of the dense selective layer of the AD 
membrane appeared to be looser than those of the dense selective layer of the CA 
membrane.  In addition, it was much thinner than the dense selective layer of the CA 
membrane and the FO membrane (as shown in Table 4.1).  However, the dense selective 
layer of the AD membrane achieved the lowest water flux.  This phenomenon could be 
b a 
c d 




explained by examining the hydrophilicity of the membrane material as well as the 
membrane structure, both of which were found to play important roles on the membrane 
performance in the FO process.  The material of the dense selective layer of the AD 
membrane was the most hydrophobic among the three membranes (contact angles: 76.0º), 
which was possibly the reason why it performed worst in the FO process although it was 
the thinnest (35.5µm).  The material of the FO membrane (contact angle: 63.6º) was 
noted to be a little more hydrophilic than that of the dense selective layer of the CA 
membrane (contact angle: 64.2º).  However, the existence of the loose support layer for 
the FO membrane weakened its performance, within which severe internal CP would 
occur and significantly lower the effective osmotic driving force, resulting in a lower 
water flux.  By comparison, the nonexistence of a porous support layer for the dense 
selective layer of the CA membrane minimized the occurrence of internal CP, and its 
relatively hydrophilic material favored better water diffusion.  The results confirmed our 
previous hypothesis that an ideal FO membrane should be one with a thin dense selective 
layer without loose fabric support layer because of the unique transport phenomena in the 
FO process.   
Table 4.1 Thickness and contact angle of the dense selective layers of the CA and 
AD membranes, and the FO membrane, respectively (The thickness of the three 
membranes tested was achieved by measuring the corresponding portion of the 
cross section of the three intact membranes in the SEM images in Figure 4.12) 
Membrane type CA AD FO  
Thickness (µm) 77 35.5 133 
Contact angle (º) 64.2 76.0 63.6 
 




4.4.3 Attempts to Develop a New FO Membrane 
The above results suggested the viability of developing an ideal FO membrane using a 
highly hydrophilic material with only a thin dense selective layer that can facilitate water 
transport in the FO process.  With the purpose to develop a better FO membrane based on 
these requirements, membranes were fabricated by phase inversion method for better 
performance in the FO process, using CA as the membrane material.  After many trial 
and error tests for developing a stable and good-performance FO membrane, the formula 
chosen to fabricate the new FO membrane was: 20% cellulose as polymer, 53.33% 
acetone as solvent, 26.67% formamide as non-solvent and additional 1% pyridine as 
additives, as discussed in Section 3.2.4. 
 
A series of new FO membranes with different thickness of 100, 130, 150 and 200 µm 
(denoted as CA + “fabricated thickness”) were fabricated under similar experimental 
conditions.  The CA 100 membrane differed from the CA 100(2) membrane only in that 
during the membrane fabrication process, the former had an evaporation time of 30 s for 
solvent to evaporate in air before it was submerged into cold water while the latter had an 
evaporation time of 60 s.  Other CA membranes such as CA 130, CA 150 and CA 200 
were fabricated with an evaporation time of 30 s.  From the SEM images of the two 
membranes (Figure 4.19), it can be observed that both CA 100 and CA 100(2) 
membranes had a similar structure: a dense skin with a porous backing.  The actual 
thicknesses of the two membranes in the SEM images were found to be less than 100 µm, 
possibly due to the shrinkage effect when the membrane samples were dried in the freeze 
drying machine before SEM observation.   





Figure 4.19 SEM images of the CA 100 and CA 100(2) membranes,showing a dense 
selective layer. (1) is the skin (2) is the porous backing of the membrane 
 
In Figure 4.19, more porosity and larger pore size were observed for the CA 100 
membrane with a shorter evaporation time and possibly also for CA 130, CA 150 and CA 
200 membranes.  However, much denser structure was formed with a longer evaporation 
time for CA 100(2), which allowed more solvent to evaporate and as a result much denser 
membrane structure was formed. 
 
Figures 4.20 and 4.21 show the performances in terms of water flux and the salt rejection 
for the fabricated CA membranes, FO membrane and the dense selective layer of the CA 
RO membrane, under normal orientations and similar experimental conditions (Feed: 
0.5M NaCl; Draw: 2.5M NH4HCO3; Co-current cross-flow rate: 1.2L/min; Temperature: 
30oC).  The fabricated CA membranes were designed to have the skin layer facing the 
draw solution according to the transport phenomena in the FO process (i.e., normal 
orientation).  In terms of salt rejection, the method of chloride concentration 
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measurement was applied to measure the trace amount of Cl- found in the concentrated 
fructose draw solution, from which the salt rejection was calculated, as discussed in 
Section 3.3.1. 
 
Figure 4.20 Water fluxes using the fabricated CA membranes, the FO membrane 
and the dense selective layer of the CA RO membrane under their normal 
orientations (Feed: 0.5M NaCl; Draw: 2.5M NH4HCO3; Co-current cross-flow rate: 
1.2L/min; Temperature: 30oC) 
 
 
Figure 4.21 Salt rejections of the fabricated CA membranes, the FO membrane and 
the dense selective layer of the CA RO membrane 
 




It was found in Figure 4.20 that most of the CA membranes can achieve a better flux, by 
comparing the experimental results with the commercially available FO membrane and 
the dense selective layer of the CA RO membrane except the CA 200 membrane.  The 
CA 200 membrane performed the poorest among all the membranes tested, possibly 
because it was the thickest and therefore freshwater met the largest resistance to permeate 
through it.  The CA 100 membrane achieved a better water flux (6.83 GFD, 3.2 µm/s or 
11.4 L⋅m-2⋅h-1) and a poor salt rejection (88.5%, as shown in Figure 4.21) as compared to 
the CA 100(2) membrane (water flux: 5.7 GFD, 2.7 µm/s or 9.5 L⋅m-2⋅h-1, salt rejection: 
98.9%), possibly because of its more porous structure which favor both the water and salt 
permeation (Figure 4.19).  
 
Experimental results together with SEM observations illustrated that the difference in the 
membrane fabricated thickness, the difference in the solvent evaporation time, and even 
the slight changes in the components of casting solutions, would affect the fabricated 
membrane characteristics and performances.  In addition, a higher water flux for a 
fabricated membrane always accompanies with a lower salt rejection.  It is necessary to 
comprise these two key membrane characteristics when designing and fabricating a good 
FO membrane.   
 
4.5 Potential Applications  
It has been mentioned in Section 2.4 that the FO process has been newly developed and 
current reported FO applications include desalination (at bench scale), treatment of 
industrial wastewater (at bench scale), concentration of landfill leachate (at pilot and full 




scale) and liquid foods (at bench scale).  Other unique areas of the FO research include 
PRO for generation of electricity from saline and fresh water, and implantable osmotic 
pumps for controlled drug release (Cath et al., 2006).  In this study, a low-pressurized FO 
process was developed.  Unlike in the PRO process where the low applied pressure was 
added to the draw side, the low applied pressure was added to the feed side to see 
whether it can accelerate the water permeation in the low pressurized FO process.  
Another new FO application is for brine reclamation, which is a promising area for FO 
application and also crucial for desalination applications.  The objective of this study is to 
assess the viability of applying the FO process for concentration of brine produced from 
brackish or seawater desalination plants through laboratory-scale experiments.   
 
4.5.1 Low-Pressurized FO 
Low applied hydrodynamic pressure ranging from 5 to 20 psi was added to the feed side 
of the FO process to see whether the FO performance in terms of water flux can be 
enhanced under this additional driving force.  The FO membrane was used under its 
normal orientation in the study.  Other experimental conditions were given in Section 
3.4.4. 
 
Figure 4.22 shows the comparison of the water fluxes obtained with various low 
hydrodynamic pressures applied to the feed side, at similar experimental conditions.  It 
was found that as the applied pressure increased, the water flux also increased.  
Compared with the initial water flux obtained at the same osmotic pressure difference 
without adding the applied pressure (4.4 GFD, 2.1 µm/s or 7.4 L⋅m-2⋅h-1), the initial water 




flux obtained increased to 5.0 GFD (2.3 µm/s or 8.4 L⋅m-2⋅h-1), 6.8 GFD (3.2 µm/s or 
11.4 L⋅m-2⋅h-1), 7.5 GFD (3.5 µm/s or 12.6 L⋅m-2⋅h-1) and 8.3 GFD (3.9 µm/s or 13.9 L⋅m-
2
⋅h-1), with 5 , 10 , 15 and 20 psi low applied pressure added, respectively.  However, as 
the osmotic pressure difference decreased when freshwater permeated to the draw side, 
all the water fluxes decreased accordingly.  The water flux obtained under a relatively 
higher applied pressure was still higher than those with a relatively lower or no applied 
pressure added.  With 20 psi applied pressure added to the feed side, the water flux 
achieved could consistently be almost doubled the case when no hydrodynamic pressure 
was applied.  
   
Figure 4.22 Comparison of water fluxes under various applied pressure, using the 
FO membrane normally (Feed: 0.5M NaCl; Draw: 5M NaCl; Co-current cross-flow 
rate: 1 L/min; Temperature: 30oC) 
 
As the difference in the concentrations of the feed and draw solutions creates the osmotic 
driving force that allows freshwater to diffuse through the FO membrane, the low applied 
pressure added on the feed side generates a hydrodynamic pressure gradient to push 
freshwater to diffuse through the FO membrane.  This hydrodynamic pressure gradient, 
with the higher pressure on the feed side and zero pressure on the draw side, creates a 




driving force to extract freshwater in the same direction as that driven by the osmotic 
pressure difference.  Combined these two forces would result in an increasing rate of 
water diffusion through the FO membrane, hence resulting in a higher water flux.  
 
Due to the constraint of the laboratory-scale FO setup, especially the polycarbonate-made 
membrane cell, which might not be able to withstand high applied pressure, applied 
pressure higher than 20 psi was not tried in this study.  However, this study investigated 
into the effect of different co-current cross-flow rates on the water flux under low applied 
pressure, at similar experimental conditions.  As shown in Figure 4.23, under 10 psi 
hydrodynamic pressure, when the co-current cross-flow flow rate was raised to 2 L/min, 
it was found that the initial water flux increased to 7.9 GFD (3.7 µm/s or 13.1 L⋅m-2⋅h-1), 
compared to the 6.8 GFD (3.2 µm/s or 11.4 L⋅m-2⋅h-1) initial water flux achieved when 
the co-current cross-flow flow rate was 1 L/min.  It was obvious that a higher flow rate 
generally resulted in a higher water flux, which was expected.   
  
Figure 4.23 Comparison of water fluxes with 10 psi applied pressure and various 
co-current cross-flow rates, using the FO membrane normally (Feed: 0.5M NaCl; 
Draw: 5M NaCl; Temperature: 30oC) 
 




However, it is noted that although higher co-current cross-flow flow rate as well as higher 
hydrodynamic pressure leads to better FO performance in terms of water flux, they lead 
to higher energy consumption.  All the experimental results suggested that there should 
exist an optimal situation between the input and outcome for the low-pressurized FO 
process.  To better develop the low-pressurized FO process, the FO setup should be 
improved to withstand high applied pressure and further research work is needed.   
 
4.5.2 Concentration of Brine Using the FO Process 
To study the feasibility of applying the FO process for concentrating brine, the FO 
membrane and the dense selective layer of the CA membrane were used under their 
normal orientation in these experiments.  While keeping other experimental conditions 
similar (Co-current cross-flow rate: 2 L/min; Temperature: 50oC), concentrated feed 
NaCl solutions (i.e., 1M or 2M) was made to mimic brine against the draw solution of 
much higher concentration (i.e., 5M or 6M, the latter of which was found to be too 
viscous to handle).  As discussed in Section 3.4.4, the concentration of the draw solution 
was maintained at a consistently high value by adding an appropriate amount of fructose 
periodically according to the amount of water that had permeated through the membrane 
from the feed to the draw solution.  Adopting this method, both the osmotic pressure 
differences and the water fluxes could be maintained at relatively high and constant 
values throughout each experimental run (as shown in Figures 4.24, 4.25 and 4.27).   
 




4.5.2.1 Results Using the FO membrane 
Figure 4.25 shows that the initial water flux obtained using the FO membrane and 1M 
NaCl-5M fructose was 4.9 GFD (2.3 µm/s or 8.2 L⋅m-2⋅h-1), which was much higher than 
that using 2M NaCl-5M fructose (2.4 GFD; 1.1 µm/s or 4.0 L⋅m-2⋅h-1) despite having 
osmotic pressure differences of closed value (i.e. 517.4 atm for the former case and 460.0 
atm for the latter case, as shown in Figure 4.24).  As experiments went on, the former 
case achieved a consistently higher water flux than that achieved by the latter case.  
Similar phenomenon happened when comparing the results of experimental run using 1M 
NaCl-6M fructose (5.4 GFD, 2.5 µm/s or 9.1 L⋅m-2⋅h-1) with that using 2M NaCl-6M 
fructose (3.4 GFD, 1.6 µm/s or 5.7 L⋅m-2⋅h-1).  This was because with the unique structure 
of the FO membrane as discussed previously, more severe internal CP would be 
generated at a higher feed concentration when it was used under its normal orientation, 





































Figure 4.24 Comparison of osmotic pressure difference changes versus time 
using the FO membrane while the draw concentration been maintained at a 
consistently high value (Feed: NaCl; Draw: fructose; Co-current cross-flow rate: 2 
L/min; Temperature: 50oC) 
 







































Figure 4.25 Comparison of water flux changes versus time using the FO 
membrane while the draw concentration been maintained at a consistently high 
value (Feed: NaCl; Draw: fructose; Co-current cross-flow rate: 2 L/min; 
Temperature: 50oC) 
 
Results also showed that the experimental runs with the draw concentration being kept at 
a consistently high value could maintain a relatively high osmotic driving pressure and 
thus, resulting in a water flux that only declined slightly with time (Figures 4.24 and 
4.25).  However, for the case of normal experimental runs without the draw concentration 
being kept consistently high (i.e., draw concentration declined with time without adding 
fructose periodically), the osmotic driving pressure and thus the water flux was observed 
to decline with time, which was expected.   
 
As shown in Figure 4.26, while keeping other experimental conditions similar, the initial 
water fluxes obtained using 1M NaCl-5M fructose were similar at 4.9 GFD (2.3 µm/s or 
8.2 L⋅m-2⋅h-1), despite the draw concentration being maintained at a consistently high 
value or not.  As the experiments progressed further, the water flux remained at a high 




and relatively stable level for the experimental run with the draw concentration being 
kept consistently high, while it was not the case for the experimental run with declining 
draw concentration.  At the end of 18 h, the water flux declined slightly to 4.1 GFD (1.9 
µm/s or 6.9 L⋅m-2⋅h-1) for the run with the draw concentration being kept consistently 
high; while only 0.7 GFD (0.3 µm/s or 1.2 L⋅m-2⋅h-1) water flux was achieved for the 
experimental run with declining draw concentration.  The recoveries for the experiments 
with a consistently high draw concentration and declining draw concentration after 18 h 
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Figure 4.26 Comparison of osmotic pressure difference and water fluxes changes 
using the FO membrane with or without the draw concentration been maintained 
at a consistently high value (Feed: 1M NaCl; Draw: 5M fructose; Co-current cross-
flow rate: 2 L/min; Temperature: 50oC). 
 
4.5.2.2 Results Using the Dense Selective Layer of the CA Membrane  
Figure 4.27 shows that the dense selective layer of the CA membrane was able to achieve 
a higher water flux and thus, a higher recovery than those of the FO membrane at similar 
experimental conditions.  The initial water flux using 1M NaCl-5M fructose was 8.9 




GFD (4.2 µm/s or 15.0 L⋅m-2⋅h-1), compared to only 4.9 GFD (2.3 µm/s or 8.2 L⋅m-2⋅h-1) 
when the FO membrane was used.  Similar trends were observed when comparing the 
water fluxes obtained by these two membranes using 2M NaCl-5M fructose.  However, 
the water flux achieved by the dense selective layer of the CA membrane using 2M NaCl-
5M fructose was still less than that using 1M NaCl-5M fructose.  That was because 
although the dense selective layer of the CA membrane minimized the occurrence of 
internal CP which may happen within the porous support layer, internal CP which 
happened within the pores of the dense selective layer and external CP still played a 
significant role.  The extent of the concentrative CPs on the feed side was worse in the 
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Figure 4.27  Comparison of osmotic pressure difference and water flux changes 
versus time using the dense selective layer of the CA membrane while the draw 
concentration been maintained at a consistently high value (Feed: NaCl; Draw: 
fructose; Co-current cross-flow rate: 2 L/min; Temperature: 50oC) 
 
After 18 h, the water fluxes achieved by the dense selective layer of the CA membrane 
remained to be relatively high.  When 1M brine was used as the feed solution, the water 




flux declined from a high initial value 8.9 GFD (4.2 µm/s or 15.0 L⋅m-2⋅h-1) to 6.0 GFD 
(2.8 µm/s or 10.1 L⋅m-2⋅h-1), while the osmotic driving pressure dropped from 498.5 to 
379.0 atm at the end of 18 h.   Whereas when 2M brine was used as the feed solution, the 
water flux declined from 4.3 GFD (2.0µm/s or 7.2 L⋅m-2⋅h-1) to 3.0 GFD (1.4µm/s or 5.0 
L⋅m-2⋅h-1), while the osmotic driving pressure dropped from 456.7 to 328.4 atm.  In 
addition, it was found that the dense selective layer of the CA membrane could achieve a 
consistently high salt rejection of greater than 99.7% even when high feed concentrations 
were used.  This salt rejection was higher than that of the FO membrane, which was 
previously found to be 97.0%.   
 
Figure 4.28 shows the recovery attained after 18 h using different membranes and 
concentrations of draw and feed solutions.  The highest recovery by the dense selective 
layer of the CA membrane using 1M NaCl-5M fructose after 18 h was 75.7%.  The 
recovery using 2M NaCl-5M fructose for the dense selective layer of the CA membrane 
was 53.6%.  Under the similar experimental conditions, the FO membrane was only able 
to achieve a recovery of 56.8% and 38.5%, respectively.  When the draw concentration 
was increased to 6M (which was found to be too viscous to handle), the recovery 
achieved by the FO membrane increased slightly to 61.4%.  Similarly, only a small 
increase in recovery was achieved by using the FO membrane and 2M NaCl-6M fructose 
(42.0%) instead of using the FO membrane and 2M NaCl-5M fructose (38.5%).  Since 
only a minimal improvement in recovery was observed, it is more economical to use a 
draw solution with a concentration of 5M instead of 6M.  White crystals were found to be 




deposited on the feed container wall and on the surface of the heater due to precipitation, 
















Figure 4.28 Recoveries for concentration of brine after 18 hours (Feed: NaCl; Draw: 
fructose; Cross-flow rate: 2 L/min; Temperature: 50oC). 
 
 
Experimental results suggested that concentrating of brine could be potentially achieved 
by the FO process.  With the draw concentration being maintained at a consistently high 
value (i.e., 5M fructose), a relatively high and steady osmotic driving pressure could be 
maintained.  As a result, water fluxes could be achieved consistently at a relatively high 
level.  When 1M brine was used as the feed solution, the dense selective layer of the CA 
membrane achieved a water flux from a high initial value 8.9 GFD (4.2 µm/s or 15.0 L⋅m-
2
⋅h-1) declined to 6.0 GFD (2.8 µm/s or 10.1 L⋅m-2⋅h-1) at the end of 18 running hours.  In 
this case, about 76% of brine volume was reduced, which would greatly simplify the 
disposal process.  However, the draw solution can only be used for manufacturing 
processes (e.g. food industry) because fructose is not readily separated from the solution.  
The future development of both an ideal FO membrane and a suitable draw solute will 












































CHAPTER FIVE                                                         
CONCLUSIONS AND RECOMMENDATIONS 
 
The results from this study provided an insight on the FO process.  As a result, this study 
facilitated a better understanding on the FO performance, and investigated into the 
feasibility of adopting the FO technology for desalination, brine treatment and other 
possible applications. This chapter summarizes the findings and recommends possible 
future work that can extend this study.  
 
5.1 Conclusions 
In the preliminary study, performances in terms of water flux and salt rejection under 
various experimental conditions were monitored and compared for the FO process.  
Compared with the commercially available CA and AD RO membranes, the 
commercially available FO membrane was found to be more suitable for the FO process 
due to its loose structure that facilitates water transportation.  Experimental results also 
showed that the FO membrane can achieve a better performance when it was tested 
normally than reversely.  Transport phenomena for the FO membrane tested normally and 
reversely were proposed.  The key phenomena affected by the various experimental 
factors and therefore greatly influenced the FO performance were found to be: internal 
CPs. When the FO membrane was tested normally, severe internal CP happened within 
the loose support layer of the FO membrane on the feed side, which would lower the 
effective driving force and cause the water flux to decline drastically. When the FO 




membrane was tested reversely, more severe internal CP happened within the loose 
support layer of the FO membrane on the draw side, which resulted in a much higher 
resistance than that created by using the FO membrane normally.  Evaluation on how the 
internal and external CPs caused by each experimental factor influenced the FO 
performance provided further understanding on the FO process.  Counter-current flow 
had a slightly better performance than co-current flow because it provided uniform and 
stable transport phenomena along the membrane channel. 
 
Preliminary experimental results also suggested that two key factors influence the FO 
process: the membrane and the draw solute.  In the study of membrane structure effect, it 
was proved that the membrane structure has a significant role in the FO process.  Based 
on the transport phenomena in the FO process, an ideal FO membrane was found to be a 
semi-permeable and highly hydrophilic membrane that has a very thin selective layer 
without loose fabric support layer for better diffusion of water and high contaminants 
rejection.  Therefore, internal as well as external CP could be eliminated within the 
membrane.  To minimize the effect of internal CP, the support layers of the common 
cellulose acetate RO membrane (CA) and polyamide composite RO membrane (AD) 
were properly peeled off and tested.  Water fluxes were found to be almost doubled using 
the dense selective layer of the CA membrane compared with the FO membrane, and this 
was possibly due to a thinner membrane with similar hydrophilicity that minimized 
internal CP.  The dense selective layer of the AD membrane has a relatively hydrophobic 
material which resulted in a bad performance.   
 




Attempts to fabricate a suitable new FO membrane were made with the purpose to 
develop a thin dense selective layer of membrane using a hydrophilic material.  Cellulose 
acetate (CA) was chosen as the membrane material and new FO membranes made of 
different thickness (100, 130, 150 and 200nm) and solvent evaporation time (30 and 60s) 
were tested in the FO process.  Experimental results showed a great improvement to the 
performance of most of the new FO membranes compared to the existing FO membrane 
and the dense selective layer of CA RO membrane.  Nevertheless, it was found that the 
difference in the membrane fabricated thickness, the difference in the solvent evaporation 
time, and even the slight changes in the components of casting solutions, would affect the 
fabricated membrane characteristics and performances.  In addition, a higher water flux 
always accompanies a lower salt rejection for a new FO membrane.  It is necessary to 
compromise these two key membrane characteristics when designing and fabricating a 
good FO membrane.   
 
On the other hand, NH4HCO3 or fructose was found to be slightly more suitable than 
other draw solutes tested in the FO process, such as glucose, NaCl and NH4Cl.  However, 
it was found that NH4HCO3 decomposed easily upon heating, which lowered its osmotic 
efficiency and therefore the performance.  Diluted fructose might be consumed or 
potentially further utilized for manufacturing processes.  Transport phenomena showed 
that the type of draw solute also affected the FO performance.  This could be explained 
by the direction of water flux and diffusion characteristics of the draw solute.  The 
direction of water flux is opposite to the diffusion of draw solute.  As fructose or glucose 
has a larger molecular size than NH4HCO3, it is less efficient in diffusing back to the 




membrane surface as water diffuses through the membrane from the feed to the draw side, 
across which the osmotic driving force is established.  As a result, the effective osmotic 
driving force when fructose or glucose was used as the draw solute was lower, resulting 
in lower water flux achieved compared to when NH4HCO3 was used.  To date, draw 
solute is still one of the main factors that hinder the development of the FO process.  
Based on experimental results and discussions, it was suggested that a suitable draw 
solute should have a stable property and small molecular size, be able to generate an 
effectively high osmotic pressure and itself can be easily separated or environmental 
friendly to produce freshwater or consumable upon dilution.  
 
As for the newly developed low-pressurized FO process, results found that a high 
hydrodynamic pressure (20 psi) added to the feed side can achieve a consistently almost 
doubled water flux compared with the results when no pressure were applied, at the 
similar other experimental conditions.  However, it is noted that the higher hydrodynamic 
pressure may also cause higher energy consumption.  It was suggested that optimizing 
experimental conditions was necessary between the input and outcome for the low-
pressurized FO process.  To better develop the low-pressurized FO process, the currently 
low-pressurized FO system should be improved to withstand higher applied pressure and 
more research work is needed.   
 
In the study of concentration of brine by the FO process, experimental results suggested 
that concentrating of brine could be potentially achieved by the FO process.  With the 
draw concentration being maintained at a consistently high value (i.e., 5 or 6M fructose), 




by adding an appropriate amount of fructose periodically according to the amount of 
water that had permeated through the membrane from the feed to the draw solution, a 
relatively high and steady osmotic driving pressure could be maintained.  As a result, 
water fluxes could be achieved consistently at a relatively high level.  When 1M brine 
was used as the feed solution, the dense selective layer of the CA membrane achieved a 
water flux from a high initial value 8.9 GFD (4.2 µm/s or 15.0 L⋅m-2⋅h-1) declined to 6.0 
GFD (2.8 µm/s or 10.1 L⋅m-2⋅h-1) at the end of 18 running hours.  In this case, about 76% 
of brine volume was reduced, which would greatly simplify the disposal process.  In 
addition, white precipitates were found on the wall of the feed container and on the 
surface of the heater, which indicated the possibility of mineral recovery. This study 
suggests that the FO process could be potentially used to concentrate brine while further 
researches are required to optimize the FO process.   
 
5.2 Recommendations 
Despite the above achievements, this study has its limitations.  A laboratory-scale setup 
was used for all the research work, which narrowed down the results and conclusions as 
only a reference for the operation of the pilot-scale or full-scale FO system.  With the 
development of FO, future study should focus more on the performances of pilot-scale 
and full-scale FO systems. 
 
It is recommended that further research be conducted on: 
 Development of a suitable FO membrane 




A suitable FO membrane is known to be one of key factors to enhance the FO 
performance and accelerate the development of FO applications.  Based on the study of 
the transport phenomena and the performance data of newly developed FO membrane in 
this study, it is promising to improve the membrane casting formula and develop a 
suitable FO membrane.  To develop the FO technology, continued improvement and 
optimization of membranes are recommended. 
 Development of a suitable draw solute 
A suitable draw solute is another key factor for the development of the FO performance.  
Theoretically, various factors (such as concentration, temperature, electrical field, 
magnetic field, light, etc.) can affect the chemical potential of a solution, which can in 
turn build up an effective gradient across the FO membrane to extract water to permeate 
through the membrane in the FO process.  Future work may consider introducing other 
possible factors of chemical potential into the FO draw side to generate an effectively 
high driving force.  
 
 Improvement of the cross-flow FO membrane cell 
The current cross-flow FO membrane cell is made of polycarbonate, which narrows down 
the application of a higher hydrodynamic pressure for the pressurized FO process.  To 
better understand and develop the pressurized FO process, the membrane cell is required 
to be designed using stainless steel and more research work is needed.  
 
 Development of pilot-scale or full-scale FO system 




For the FO process to be widely applied into the desalination and water reclamation fields, 
the development of pilot-scale or full-scale FO system is necessary.  A draw solute 
recovery system may be used to recycle the draw solute, which can improve the 
performance of the FO process.  
 
The future development of both a suitable FO membrane and a suitable draw solute will 
improve the performance of the FO process, making it a viable technology for 
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